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ABSTRACT: Separations of mixtures in fixed-bed adsorbers are influenced by factors such as

. . i . Yo 1.0 imulati
(1) selectivity of adsorption, S,q, (2) diffusional time constants, D,/rZ, and (3) diffusion fg:‘o“r'iig”s
selectivity, D;/D,. In synergistic separations, intracrystalline diffusion of guest molecules serves a8 diffusional
’ influences

to enhance the selectivities dictated by thermodynamics of mixture adsorption. In

antisynergistic separations, intracrystalline diffusion serves to reverse the hierarchy of ¢ o6 \ E:rf
selectivities dictated by adsorption equilibrium. For both scenarios, the productivities of the & H

. . . . . . . Q
desired product in fixed-bed operations are crucially dependent on diffusional time constants, 0.4 &
D,/r%; these need to be sufficiently low in order for diffusional influences to be effective. Also, 10/90 C3H,/C3H;

. g q 8.nf q f-nf 0.2 mixture:

the ratio D,/D, should be large enough for manifestation of synergistic or antisynergistic SIFSIX-Cu-TPA
influence. Both synergistic and antisynergistic separations have two common, distinguishing 0.0 ‘
characteristics. Firstly, for transient uptake within crystals, the more mobile component attains 0.0 05 10 15

supraequilibrium loadings during the initial stages of the transience. Such overshoots,
signifying uphill diftusion, are engendered by the cross-coeflicients I" ij(i # j) of thermodynamic
correction factors. Secondly, the component molar loadings, plotted in composition space, follow serpentine equilibration paths. If
cross-coefficients are neglected, no overshoots in the loadings of the more mobile component are experienced, and the component
loadings follow monotonous equilibration paths. The important takeaway message is that the modeling of mixture separations in
fixed-bed adsorbers requires the use of the Maxwell—Stefan equations describing mixture diffusion employing chemical potential
gradients as driving forces.

(Qytim,y)/Lg’

KEYWORDS: kinetic separations transient uptake, microporous crystalline adsorbents, Maxwell—Stefan equations,
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1. INTRODUCTION constituents."' ™" For production of purified N, from air,
kinetically driven separations are achieved with carbon

Microporous crystalline porous materials such as metal—organic pha:
molecular sieve (CMS) and LTA-4A zeolite.” For removal

frameworks (MOFs) and zeolites are finding applications as

adsorbents in several different mixture separations of industrial of N, from natural gas, the use of Ba-ETS-4 allows thel zellfctive
interest. Such separations are commonly conducted in fixed-bed uptake of N, by effective size-exclusion of CH,. ™" For
devices in pressure swing adsorption (PSA) processes that are separation of C,H,/C,Hs mixtures, the crystal structure of
operated in adsorption and desorption phases, operated in a UTSA-280 essentially excludes the saturated alkane from the
cyclic manner. The separation performance in a fixed-bed pores.'® For separation of C;H,/C;Hg mixtures, the diffusional
adsorber is usually determined by the thermodynamics of influence in CHA zeolite and ZIF-8 serves to override the
mixture adsorption equilibrium, determined in practice using adsorption selectivity that favors propane.B’lg’20

the ideal adsorbed solution theory (IAST)."” The adsorption For separation of C,H,/CO, mixtures, it is desirable to select
selectivity for a binary mixture of components 1 and 2 is defined MOFs that have adsorption selectivity in favor of CO,, allowing
by the desired product C,H, to be recovered, with purities in excess

of 99%, in the adsorption cycle in a PSA process scheme. A
/4, © darl <since adsorbent s the cltramd !
— particularly promising adsorbent is the ultramicroporous Y-bptc

S S
¢ PI/P2 (1) in which intracrystalline diffusion also favors CO,; this

al

where p, and p, are the partial pressures in the feed mixture; g,

and g, are the component molar loadings in the adsorbed phase. )
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Figure 1. (a) Experimental data on transient uptake of nC6(1)/2MP(2) mixtures in MFI zeolite at 298 K.*”** (b) Experimental data on transient
uptake of the N,(1)/CH,(2) mixture within LTA-4A crystals, exposed to binary gas mixtures at partial pressures p; = 50.9 kPa and p, = 49.1 kPa at 194
K.>** () Experimental data for transient uptake of ethanol/1-propanol mixtures within SAPO-34.>* (d—f) Experimental data®>° for spatial-averaged
transient uptake of (d) 1:1 (e) 2:1, and (f) 3:1 CO,(1)/C,H,(2) gas mixtures within crystals of DDR zeolite at 298 K.***" The continuous solid lines
are simulations based on eq 5. The dashed lines are the simulations based on eq 7.

84 https://doi.org/10.1021/prechem.2c00003
Precis. Chem. 2023, 1, 83—93


https://pubs.acs.org/doi/10.1021/prechem.2c00003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.2c00003?fig=fig1&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.2c00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Precision Chemistry

pubs.acs.org/PrecisionChem

REVIEY

adsorption/diffusion synergy results in high productivity of
purified C,H, (see Figure $26).!

The selective capture of propyne from propene is important in
the context of preparing polymer-grade propene feedstocks.
Jiang et al.”* report the efficacy of SIFSIX-Cu-TPA (also named
as ZNU-2-Si) for this separation task. A particularly interesting
feature is that the separation displays synergism between
adsorption and diffusion (see Figure S63).

The experimental data on separation of ethanol/1-propanol
and ethanol/1-hexanol liquid feed mixtures in a fixed bed packed
with SAPO-34, which has the same structural topology as CHA
zeolite, shows that the component that is preferentially adsorbed
in ethanol.””** The rationalization of these experimental data
can be traced to the synergy between adsorption and diffusion,
both favoring ethanol (see Figures $23, $24, and $25)."

The main objective of this Review is to discuss and underscore
the key factors that underlie both synergistic and antisynergistic
separations. By detailed analyses of various mixture separations
in fixed-bed adsorption devices, we highlight some common
characteristics of both synergistic and antisynergistic separa-
tions. Such characteristics include transient overshoots in the
uptake of the more mobile guest and serpentine equilibration
trajectories. The secondary objective is to stress the need to
employ the Maxwell-Stefan (M—S) formulation of multi-
component diffusion in which the driving forces for intracrystal-
line transport of guest species are the corresponding gradients in
the chemical potentials.'**>*°

The Supporting Information provides (a) the derivation of
the M—S equations, (b) computational modeling details of
transient mixture uptakes within crystals and adsorber break-
throughs, (c) unary isotherm data fits used for IAST
calculations, and (d) guest diffusivities.

2. TRANSIENT OVERSHOOTS IN BINARY MIXTURE
UPTAKE

We begin by highlighting an important signature of kinetic
separations, either synergistic or antisynergistic, by examining
published experimental data sets on transient mixture uptake in
adsorbent crystals.

Using infrared microscopy (IRM), Titze et al.”” have
determined the uptake of n-hexane (nCé6)/2-methylpentane
(2MP) mixtures in MFI crystals exposed to an equimolar gas
phase mixture at constant total pressure; see Figure la. The
transient equilibration of nC6 displays a distinct overshoot in its
component loading during early stages of the transience; the
overshoot is in excess of the final equilibrated loading. The
mixture adsorption equilibrium favors the linear isomer (S,4 =
1.4)."" There is synergy between adsorption and diffusion
because nC6 has a higher mobility than 2MP, by a factor of 100,
within the 5.5 A sized channels of MFI zeolite (structural details
are provided in Figures S6 and S7).

The uptake of N,(1)/CH,(2) mixtures in crystallites of LTA-
4A zeolite have been reported by Habgood;”® see Figure 1b.">*’
The “pencil-like” 4.4 A X 3.3 A sized nitrogen molecule hops
lengthwise across the 8-ring windows of LTA-4A (structural
details are provided in Figure $38).° The spherical 3.7 A
methane molecule is constrained in its intercage hopping and
has a diffusivity that is significantly lower than that of N,.*"**
Due to its higher polarizability, the adsorption strength of CH, is
higher than that of N,. At short contact times, the pores of LTA-
4A are significantly richer in the more mobile N,, manifesting in
an overshoot in component loading in excess of the final
equilibrium value. With the progression of time, the N, in the

85

pores is displaced by CH, that has a higher adsorption
strength.'>*

Measurements of the uptake of ethanol/1-propanol mixtures
in SAPO-34 zeolite (structural details are provided in Figures
$20 and S21) are shown in Figure 1c. The more mobile ethanol
exhibits an overshoot during the early stages of the uptake
transience.”**

Figure 1d—f shows the experimental uptakes’*® of CO,/
C,Hg¢ gas mixtures of different compositions within crystals of
DDR, a cage-type zeolite (structural details are provided in
Figures $29 and $30).°>*’7*" The cross-sectional dimension of
CO, is smaller than that of C,H,,” and therefore the intercage
hopping rate of CO, is significantly higher than that of C,Hg, by
a factor of 100—1000. The mixture adsorption equilibrium
favors the saturated alkane due to higher polarizability. During
early transience, the more mobile CO, attains supraequilibrium
loadings.

For elucidation and quantification of the six data sets in Figure
1, we need to solve the set of partial differential equations'”
describing the time derivative of the component molar loadings
in a spherical crystallite of radius r:

5qi(f; t)
P T T e @)

The M-S equation describing the dependence of the
intracrystalline fluxes N; on the gradients of component
chemical potentials is'**>*°

1,
P 'RT or

’ 3)
The M-S diftusivity D; equals the corresponding diffusivity
for a unary system, determined at the same pore occupancy; the
diffusivity for any species i in a mixture remains invariant to the
choice of the partner species.*” Other variables in egs 2 and 3 are
described in the Nomenclature section.
We relate the du;/0r to the loading gradients dg;/0r by

defining thermodynamic correction factors I'y;:

%

—;5,j=1,2,.,n
j (4)

The I';; are determinable from the IAST description of the
mixture adsorption equilibrium. For binary mixtures, we may
combine eqs 3 and 4 to obtain the following explicit expression,
using two-dimensional matrix notation, for the intracrystalline
fluxes in terms of the gradients in the molar loadings:

%
N, _ Dy, Dy || or ) D, Dy,
(Nz] -’ D, Dy E I D, Dy
or
_ b, 0 ([T}, T}
o DGy Iy (5)

The cross-coeflicients I'}; and I';; cause the flux of species i,
N, to be influenced by the gradient of the molar loading of the
partner species j: dq;/ dr."” In order to appreciate the significance
of such “coupling” effects, Figure 2 presents calculations of the
elements I'; for 20/80 N,(1)/CH,(2) mixture adsorption in
LTA-4A zeolite as a function of the total pressure, p.. We note

https://doi.org/10.1021/prechem.2c00003
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Figure 2. Calculations of the elements I"}}, I'},, I}, and I, for 20/80
N,(1)/CH4(2) mixture adsorption in LTA-4A zeolite at 194 K.

that the I'}, and I, are increasingly significant in relation to the
main elements I'}; and I',, with increasing values of p..

The continuous solid black lines in Figure 1 are radial-
averaged component loadings

g(t) = %/cqi(r, t)r*dr
>Jo

r

(6)

obtained by numerical solution of eqs 2, 5, and 6. For the set of
six experiments in Figure 1, the attainment of supraequilibrium
loadings by the more mobile guest components are
quantitatively portrayed by the M—S diffusion equations. Such
overshoots are signatures of the occurrence of uphill
diffusion.””*!

Additional evidence of uphill diffusion of more mobile
partners (component 1) is available for N,(1)/CH,(2) uptake
in Ba-ETS-4" (see Figures $49 and S50), O,(1)/N,(2) uptake
in LTA-4A zeolite (see Figure S55), C;Hy/C3Hg uptake in CHA
zeolite™® (see Figure S61), C;H,/C;Hg uptake in ZIF-8'7 (see
Figure $62), benzene(1)/ethylbenzene(2) uptake in H-ZSM-S
(see Figure S64a), and benzene(1)/p-xylene(2) uptake in H-
ZSM-5 (see Figure S64b).”>**

At low pore occupancies, ['; — §;;, where 5,-]-(1‘ =j)=1and 5,-]-(1'
#j) = 01is the Kronecker delta; in this case eq S simplifies to yield
a set of flux relations that are uncoupled:**

%
Ni=-pBgsi=12 @)

The dashed black lines in Figure 1 are simulations based on
the simplified eq 7, asserting I'; = 6; we note that this
simplification is unable to anticipate the overshoots in the
component loadings of the more mobile partners in all six data
sets. The first important message to emerge is that
thermodynamic coupling influence is of essential importance
in kinetic separations, both synergistic and antisynergistic.

3. SERPENTINE EQUILIBRATION TRAJECTORIES

To gain further insights into the characteristics of kinetic
separations, we plot the experimentally measured loadings of the
more mobile partner, q;, as a function of the loading of the
tardier partner, g,; see red spherical symbols in Figure 3. In all six
cases we note that the component loadings follow serpentine
paths to equilibrium. If eq 7 is invoked by asserting I';; = 6, the

ij
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approach to equilibrium is monotonous in nature, as shown in
the dashed black lines in Figure 3.
To obtain further insights, we determine the two eigenvalues

A, and 1, of the two-dimensional matrix
Dy, Dy, D, 0 |IT, T :

= . S t 1 is th
[ . Dy, 0" B,||5, L.| Since component 1 is the

more mobile partner, A; > 4,. The green-colored straight lines in
Figure 3 are the trajectories that are followed in the
happenstance in which the M-S diffusivities of both species
are equal to each other, i.e,, D, = D,, and 4, = 4,; the mixtures
separations are purely based on mixture adsorption thermody-
namics.

The experimentally determined loading trajectories are
bounded by the two corresponding eigenvectors. During the
early stages of the transience, the equilibration is influenced by
the fast eigenvector (detailed derivations are provided in the
Supporting Information):

(qz - qz()) = ell(ql - qlo)

U LT o
2 EZ DIEZ
2
+ﬂi_&iywﬂi
EZ DIEZ DIEZ

(8)

In eq 8, q;p and g, are the initial component loadings. The fast
eigenvectors are indicated by the straight red lines in Figure 3a—
f

As equilibrium is approached, the equilibration trajectory
follows the path dictated by the slow eigenvector

(a, — 4)) = enlq, — q))

Y 2N TR )
€22 2| b, I 21
2
_J&&_&ywﬂ&
b, I, L » Iy

(9)

In eq 9, gf and gF are the equilibrated loadings; the slow
eigenvectors are indicated by the straight blue lines in Figure
3a—f. We note that the slopes of the fast and slow eigenvectors,
ey, and e,,, are dependent on the ratio D,/D,. Indeed, it is
possible to estimate D;/D, from the tangents to the
experimentally measured equilibration paths, along with
estimates of I'y.

4. ANTISYNERGISTIC SEPARATION OF N,(1)/CH,4(2)
MIXTURES

To meet pipeline specifications (<4% N,), the selective capture
of nitrogen from natural gas streams, primarily containing CH,,
is required in practice because the nitrogen content in several
reserves may be as high as 20%.'° For smaller natural gas
reserves, PSA technology is economically preferred to cryogenic
distillation because the feed mixtures are available at high
pressures.'”***” It is desirable to use adsorbents in PSA units
that are selective to N, such that CH, can be recovered as
raffinate in the adsorption cycle. For most known materials,

https://doi.org/10.1021/prechem.2c00003
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Figure 3. Equilibration trajectories in composition space for (a) nC6(1)/2MP(2) mixtures in MFI zeolite at 298 K, (b) N,(1)/CH,4(2) mixture in
LTA-4A crystals at 194 K, (c) ethanol/1-propanol mixtures in SAPO-34 at 298 K, and (d—f) CO,(1)/C,H¢(2) mixtures within crystals of DDR zeolite
at 298 K. The red circles represent experimental data on component loadings from Figure 1. The dashed lines are the trajectories based on eq 7. The red
lines represent the fast eigenvectors. The blue lines represent the slow eigenvectors. The green lines represent the trajectory followed if D, = D,.

adsorption selectivity fo

r separation of N,/CH, mixtures is in

favor of CH, due to its higher polarizability.”’

We analyze separations of 20/80 N,(1)/CH,(2) mixtures in a
fixed-bed adsorber using LTA-4A zeolite operating at a total
pressure of 100 kPa and T = 194 K. Figure 4a shows the transient
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breakthrough simulations for 20/80 N,(1)/CH,(2) mixtures
through a fixed-bed adsorber packed with LTA-4A crystals
operating at 194 K and total pressure p, = 100 kPa. The y-axis is
the % CH, at the adsorber outlet. The x-axis is Qut/m, 4, Where
Qy is the volumetric flow rate of the gas mixture at the inlet to the
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Figure 4. (a, b) Transient breakthrough of the 20/80 N,(1)/CH,4(2)
mixture in a fixed-bed adsorber packed with LTA-4A crystals operating
at 194 K and total pressure p, = 100 kPa. The y-axis is the % CH, at the
adsorber outlet. The x-axis is Qyt/m,q, where Q, is the volumetric flow
rate of the gas mixture at the inlet to the fixed bed at actual temperature
and pressure conditions. The black lines are simulations based on eq 5.
The blue lines are the simulations based on eq 7. In (a) we maintain D,/
7=1.5% 10757 P;/P, = 21.7. In (b) the two simulations include
thermodynamic coupling and maintain the ratio B,/D, = 21.7; the
black and red lines represent two different severities of diffusional
influences: Dl/rf; =1.56 X 107 s7}; Dl/rz =6.09 X 107657

fixed bed at actual temperature and pressure conditions. The
continuous black lines are simulations taking due account of
intracrystalline diffusion using eq S, with parameters D,/r? =
1.56 X 1075 s™%; B, /P, = 21.7. The blue lines are the simulations
based on eq 7. For the target CH, purity of say 96%, we can
determine the moles of 96%+ pure CH, produced from a
material balance on the adsorber. Expressed per kilogram of
LTA-4A zeolite in the packed bed, the respective productivities
are 0.93 and 0.11 mol kg™', with 96%+ CH, purity. Use of the
simplified eq 7 asserting I'; = &, results in a severe
underestimation of the CH, productivity in the PSA unit.
Having established the importance of including the
thermodynamic correction factors in PSA simulations, we
proceed to examine the influence of the severity of diffusional
limitations. Figure 4b compares the LTA-4A adsorber break-
through simulations for 20/80 N,(1)/CH,(2) mixtures for two
different scenarios: B, /r2 = 1.56 X 107> s™; D, /r* = 6.09 x 107¢
s™%; for both scenarios we maintain P, /P, = 21.7 and include the
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thermodynamic coupling influences. Expressed per kilogram of
zeolite in the packed bed, the respective productivities are 0.93
and 1.62 mol kg™', with 96%+ CH, purity. More severe
diffusional limitations, signified by lower values of D,/r2, result
in higher CH, productivity. Indeed, if the diffusional severity is
diminished, kinetic separations are not achievable.

A further point to note is that for kinetic separations to be
effective with LTA-4A, the operating temperatures need to be
below 220 K; see simulations in Figures S44 and S4S. In current
industrial practice, the adsorbent used is Ba-ETS-4 (also termed
CTS-1), which is effective at ambient temperatures; see
simulation data in Figures S46—S51.

5. SYNERGISTIC SEPARATION OF NC6(1)/2MP(2)
MIXTURES

For hexane isomers, the values of the research octane number
(RON) increase with the degree of branching: n-hexane (nC6)
= 30, 2-methylpentane (2MP) = 74.5, 3-methylpentane (3MP)
= 75.5, 2,2-dimethylbutane (22DMB) = 94, and 2,3-
dimethylbutane (23DMB) = 105. In the context of octane
enhancement of gasoline, branched isomers of hexane are
preferred components for inclusion in the high-octane gasoline
pool.>*¥* There are a number of adsorbents that have
potential use in the separation of linear and branched isomers of
hexane isomers.””** With the intersecting channel structure of
MFI zeolite,>> the mono- and dibranched isomers locate at the
channel intersections that offer more “legroom”, whereas the
linear nC6 can locate anywhere in straight and zig-zag channels;
see computational snapshots in Figure S8 of the Supporting
Information.””"** The hierarchy of adsorption strengths is nC6
>2MP = 3MP > 22DMB = 23DMB and is governed by entropy
effects engendered by differences in molecular configurations
and conformations.”'***** The intracrystalline diffusivities
follow a similar hierarchy: nC6 > 2MP ~ 3MP > > 22DMB
~ 23DMB (see Figure S14 of the Supporting Information).>
Uphill diffusion of nC6, as evidenced in Figure 1a, is beneficial
to the hexane isomer separations in PSA units because the
desired raflinate phase in the adsorption cycle will be richer in
the branched isomers that have higher RON values. Break-
through simulations were performed for 50/50 nCé6/2MP
mixture separations in order to confirm this expectation. Figure
Sa plots the dimensionless concentrations at the exit of the
adsorber, ¢;/cy, as a function of a modified time parameter
defined by Qt/m, 4. In the three sets of simulations, the ratio
b,/b, = 100, as determined from the transient uptake
experiments of Titze et al.”” (cf. Figure 1). Three different
values for the diffusional time constants were chosen, D, /r2 = 1.6
% 107%,1.0 X 1075, and 1.6 X 10757}, to investigate the varying
degrees of diffusional influence. In practice, stronger diffusional
influences are achievable for use of larger sized crystals. The
comparisons of the separations achieved with different crystal
sizes should be on the basis of the parameter Qut/m,q,.
Increasing values of D,/r? signify diminishing influence of
intracrystalline transport; indeed, for D,/r> — oo, there are no
diffusional limitations. We note that with decreasing D,/r2, i.e.,
stronger diffusional influences, the breakthroughs take on a
more distended character and 2MP exits the adsorber at earlier
times. Figure Sb plots the RON of the product gas mixture
exiting the adsorber. With stronger diffusion influences, i.e..
lower values of D, /r2, there is a longer time interval during which
product gas with RON= 74.5 can be recovered at the exit; these
time intervals are indicated by the colored arrows in Figure Sb.
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Figure S. (a) Transient breakthrough for S0/50 nCé6(1)/2MP(2)
mixtures in MFI zeolite at 298 K and total pressure of 10 Pa. The
dimensionless concentrations at the exit of the adsorber, ¢;/c;, are
plotted as a function of a modified time parameter defined by Qt/m, ;.
For the three sets of simulations, P, /7> = 1.6 X 1075, 1.0 X 107, and 1.6
X 107%, 57!, maintaining the ratio D,/D, = 100. (b) RON of a product
gas mixture leaving a fixed-bed adsorber packed with MFI zeolite.

The adsorption/diffusion synergy is also effective for the
separation of hexane isomers using Fe,(BDP); as the
adsorbent; for details see Figures S17—S19 of the Supporting
Information.

6. SYNERGISTIC SEPARATION OF C,H,(1)/CO,(2)
MIXTURES

The recovery of ethyne (C,H,) from mixtures with CO, is of
industrial importance because C,H, is an important feedstock
for chemical synthesis and has wide applications. Due to the
closeness of the boiling points, distillation separations need to
operate at cryogenic temperatures and high pressures.
Adsorption separations are also challenging because both
molecules possess zero dipole moments and approximately the
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same quadrupole moment.*® The molecular dimensions of C,H,
(3.32 A X 3.34 A X 5.7 A) are remarkably close to that of CO,
(3.18 A x 3.33 A x 5.36 A). Since the desired product C,H,
needs to be recovered at high purities, typically >99%, it is
preferable to choose adsorbents in which CO, is preferentially
adsorbed, such that C,H, is recovered as raffinate in the
adsorption cycle of PSA operations. MOFs that have adsorption
selectivity in favor of CO, include ZU-610a,”" Ce(IV)-MIL-
140-4F,>° and Y-bptc.”' Of particular interest is the ultra-
microporous Y-bptc*' for which the adsorption selectivity S,4, =
3.75, in favor of CO,. The diffusion selectivity, determined
experimentally from unary uptakes,”’ D,/D; = 114, also favors
CO,.

Figure 6a shows transient breakthrough of 50/50 C,H,(1)/
CO,(2) mixtures through a fixed-bed adsorber packed with Y-
bptc crystals operating at 298 K and total pressure p, = 100 kPa.
The dimensionless concentrations at the exit of the adsorber, ¢,/
cio, are plotted as a function of a modified time parameter defined
by Qqut/m,4. For the four sets of simulations we choose P, /r> =
425 % 1078 1.18 X 1075, 4.72 X 107>, and 4.25 X 107* s7},
maintainin% the ratio D,/D, = 114, as determined exper-
imentally.”” With lower values of the diffusional constants P, /72,
i.e, stronger diffusional influences, the breakthrough of the
desired product C,H, occurs earlier, resulting in higher
productivity of purified C,H, per kilogram of adsorbent in the
bed. In Figure 6b, the productivities of 99%+ pure C,H, are
plotted as a function of D, /r2. We note that with decreasing D,/
rZ, the C,H, productivities increase from 1.0S to 1.35 mol kg™".

In the sets of breakthrough simulations in Figure 6¢c, we
maintain D,/r? = 1.18 X107° s7!, with varying ratios of
diffusivities of CO, to C,Hy: B,/P, = 200, 114, 50, 10, and 2.
We note that with increasing values of D,/P;, the C,H,
productivities increase from 0.1 to 1.35 mol kg™'; see Figure
6d. We conclude that both D,/r? and D,/D, have a significant
impact on the productivities of purified C,H,. From the
breakthrough experiments of He et al.,>" for Y-bptc, with D,/D,
= 114, the C,H, productivity is calculated to be 1.52 mol kg™, in
reasonable agreement with the simulations.

7. ANTISYNERGISTIC SEPARATION OF CO,(1)/C,H¢(2)
MIXTURES

The separation of CO,/C,H¢ mixtures to produce purified
C,Hg, while capturing CO,, is relevant in the context of natural
gas processing. Due to azeotrope formation, current technolo-
gies for CO,/C,Hg separations require use of extractive
distillation that is energy demanding. An energy-efficient
alternative to extractive distillation is to use PSA technology,
drawing inspiration from the antisynergy evidenced in the
uptake experiments in Figure 1d—f.

Figure 7 shows the transient breakthrough of 50/50 CO,(1)/
C,H(2) mixtures through a fixed-bed adsorber packed with
DDR crystals operating at 298 K and total pressure p, = 40 kPa.
In the two sets of simulations, the ratio D,/P, = 1333, as
determined experimentally (cf. Figure 1d). Two different values
of the diffusional time constants were chosen: B,/r? = 1.25
%107 and 0.5 s™*. For the case in which diffusional influences
are of diminished significance, D,/r> = 0.5 s™', the separation
selectivity favors C,Hy because of mixture adsorption
equilibrium; in this case CO, exits the bed earlier. This is
undesirable from the viewpoint of natural gas processing
because we need to recover C,Hg as raffinate. With significantly
stronger diffusional influences, choosing D, /r2 = 1.25 X107 s ™",
uphill diffusion of CO, ensures that it enters the pores
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Figure 6. (a—d) Transient breakthrough of 50/50 C,H,(1)/CO,(2) mixtures through a fixed-bed adsorber packed with Y-bptc crystals operating at
298 K and total pressure p, = 100 kPa. In the sets of simulations in (a, b): D;/r2 = 425 X 107 1.18 X 1075, 4.72 X 1075, and 4.25 X 107™*s7},
maintaining the ratio D,/D; = 114. In the sets of simulations in (c, d): D;/r2=1.18 X 107 s}, and the ratio D,/D; = 200, 114, 50, 10, and 2. In (a, ¢),
the dimensionless concentrations at the exit of the adsorber, c;/c, are plotted as a function of a modified time parameter defined by Qut/m,q,. In (b, d),
the C,H, productivities are plotted as a function of (b) P,/r? and (d) D,/D;.

preferentially, while C,Hg is rejected into the gas phase as
raffinate, as is desired in practice. The stronger antisynergy
between adsorption and diffusion serves to reverse the selectivity
in favor of CO,.

8. CONCLUSIONS

On the basis of a detailed and careful examination of a large
number of synergistic and antisynergistic mixture separations
using microporous crystalline adsorbents, two important
conclusions may be drawn.

(1) For transient uptake within crystals, the more mobile
component attains supraequilibrium loadings during the
initial stages of the transience. For quantification of such
overshoots, signifying uphill diffusion, we require the use
of the M-S diffusion equations using du;/dr as driving
forces. The overshoots are engendered by the cross-
coefficients I';(i # j) of the matrix of thermodynamic
correction factors. The component molar loadings,
plotted in composition space, follow serpentine equilibra-
tion paths, which are also attributable to thermodynamic

20

)

coupling influences. Use of the simplified eq 7 asserting I';
= 517, ignoring thermodynamic coupling, results in
monotonous equilibration trajectories without over-
shoots.

Mixture separations in fixed-bed adsorption devices are
influenced by a combination of three separate factors:
adsorption selectivity, S 4, diffusional time constants, D,/
1%, and diffusion selectivity, D;/D,. Two different
scenarios may be delineated. In synergistic separations,
Sus > 1; By/P, > 1, diffusional influences have the
potential of enhancing the separation performance. In the
second scenario, S,4 > 1; D;/D, < 1, the antisynergy
between adsorption and diffusion may be exploited to
reverse the selectivity dictated by mixture adsorption
equilibrium. For both scenarios, the productivities of the
desired product in fixed-bed operations are crucially
dependent on diffusional time constants, D,/r’; these
need to be sufficiently low in order for diffusional
influences to be effective. For synergistic or antisynergistic
separations to be effective, the ratio /D, should be large
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Figure 7. Transient breakthrough of 50/50 CO,(1)/C,H4(2) mixtures
through a fixed-bed adsorber packed with DDR crystals operating at
298 K and total pressure p, = 40 kPa. The dimensionless concentrations
at the exit of the adsorber, ¢;/c, are plotted as a function of a modified
time parameter defined by Qut/m, .. For the two sets of simulations D,/
r2=125x 1073 and 0.5 s~', maintaining the ratio D,/D, = 1333.

enough, typically by more than one or two orders of
magnitude.
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B NOMENCLATURE
Latin Alphabet
C.

. molar concentration of species i, mol m™>

¢  molar concentration of species i in the fluid mixture at the
inlet, mol m™3

Maxwell—Stefan diffusivity for molecule—wall interaction,

mZ s—l

b

i

[D] Fick diffusivity matrix, m* s™*

m,q, mass of adsorbent packed in the fixed bed, kg

n  number of species in the mixture, dimensionless

N;  molar flux of species i with respect to the framework, mol
m2s7!

p;  partial pressure of species i in the mixture, Pa

p.  total system pressure, Pa

g;  component molar loading of species i, mol kg™

g,  radial-averaged component loading of species i, mol kg™

Qp volumetric flow rate of gas mixture entering the fixed bed,
m®s™!

r radial direction coordinate, m

radius of crystallite, m

R gas constant, 8.314 J mol ™' K™

S.as adsorption selectivity, dimensionless

t time, s

T  absolute temperature, K

Greek Alphabet

I'; thermodynamic factors, dimensionless

d; Kronecker delta §,(i = j) = 1; 6,(i # j) = 0, dimensionless
eigenvalues of Fick diffusivity matrix [D], m*s™"
u; molar chemical potential, ] mol™

p framework density, kg m™
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1 The Maxwell-Stefan Diffusion Formulation

Within micro-porous crystalline materials, such as zeolites, and metal-organic frameworks (MOFs),
the guest molecules exist in the adsorbed phase. The Maxwell-Stefan (M-S) eqs for n-component

diffusion in porous materials is applied in the following manner!

ou, RT RT RT
o )+ ()t ()
5 13 !
o RT RT RT
%:B—ﬂx1 (uz—u1)+D—23x3 (”2_“3)+"'+E(u2) (S1)
8(;’1/” :g—:m( n_”1)+7xz (0, —u;)+ +R_j(u")

The left members of eq (S1) are the negative of the gradients of the chemical potentials, with the units

N mol’; it represents the driving force acting per mole of species 1, 2, 3,..n. The u, represents the

velocity of motion of the adsorbate, defined in a reference frame with respect to the framework material.

The crystalline framework is considered to be stationary. The term R7/B, is interpreted as the drag or
friction coefficient between the guest species i and the pore wall. The term RT / D, is interpreted as the

friction coefficient for the i-j pair of guest molecules. The multiplier x, =g, /g, where gi is the molar

loading of adsorbate, and g is the fotal mixture loading g, :Zqi . We expect the friction to be

i=1
dependent on the number of molecules of j relative to that of component .
An important, persuasive, argument for the use of the M-S formulation for mixture diffusion is that

the M-S diffusivity D, in mixtures can be estimated using information on the loading dependence of the
corresponding unary diffusivity values. Put another way, the M-S diffusivity . D, . can be estimated from

experimental data on unary diffusion in the porous material.
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The M-S diffusivity D, has the units m? s and the physical significance of an inverse drag
coefficient. The magnitudes of the M-S diffusivities D, do not depend on the choice of the mixture
reference velocity because eq (S1) is set up in terms of velocity differences. At the molecular level, the
Dij reflect how the facility for transport of species i correlates with that of species j; they are also termed
exchange coefficients.

The Maxwell-Stefan diffusion formulation (S1) is consistent with the theory of irreversible
thermodynamics. The Onsager Reciprocal Relations imply that the M-S pair diffusivities are symmetric
By=D; (S2)
We define N; as the number of moles of species i transported per m* of crystalline material per second
N. = pqu, (83)
where . p . is the framework density with units of kg m. Multiplying both sides of eq (S1) by pg., the

M-S equations for n-component diffusion in zeolites, MOFs, and ZIFs take the form *°

q Op,; .
Qi ~1,2,..
PRT or Z ) ! " (S4)

The fluxes Ni in eqs (S4) are defined in terms of the moles transported per m? of the total surface of

crystalline material.

1.1 Thermodynamic correction factors

At thermodynamic equilibrium, the chemical potential of component i in the bulk fluid mixture equals
the chemical potential of that component in the adsorbed phase. For the bulk fluid phase mixture we
have

1oy _olnf, 19

i=1,2,..
RT or or for’ l " (55)

In eq (S5), f, represent the partial fugacities in the bulk fluid phase mixture. The chemical potential

l

gradients O, /Or can be related to the gradients of the molar loadings, gi, by defining thermodynamic

correction factors I[jj
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Cou o« oq, of
4O _op Hip 4Oy, (S6)
RT or “5 "or " f Jq

The thermodynamic correction factors I'jj 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.

In some special case, the mixed-gas Langmuir model

g is10m

Qi,sat 1 + szj; (S7)
i=1

may be of adequate accuracy. Analytic differentiation of eq (S7) yields

qi,sat 01 . ..
Fij:é‘ij+[—J(H—], i,j=12...n (S8)

q Jj.sat vV

where the fractional vacancy v is defined as
0,=1-6,=1-3 .0 (S9)
i=1

The elements of the matrix of thermodynamic factors I'jj can be calculated explicitly from information
on the component loadings gi in the adsorbed phase; this is the persuasive advantage of the use of the
mixed-gas Langmuir model. By contrast, the IAST does not allow the calculation of T’ explicitly from
knowledge on the component loadings ¢i in the adsorbed phase; a numerical procedure is required.

In the scenario in which correlation effects are of negligible importance, eqs (S4) simplify to yield

9%; .

]Vi :_pB[zrtj or ’

J=1

i=1,2.n (S10)

Furthermore, if thermodynamic correction factors are also ignored, eq (S4) reduces to a set of
uncoupled equations

N=-pp . 12 (S11)
or
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Watch also the video presentation titled Diffusion in Micropores on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

1.2 M-S formulation for binary mixture diffusion

For binary mixture diffusion inside microporous crystalline materials the Maxwell-Stefan equations

(S4) are written

—p 4, OH :x2N]_x1N2 +£

RT or D, D,
(S12)

—p q, O, _ N, —x,N, +£

RT or D, D,

The first members on the right hand side of Eq (S12) are required to quantify slowing-down effects
that characterize binary mixture diffusion."” > 8 There is no experimental technique for direct
determination of the exchange coefficients P12, that quantify molecule-molecule interactions.

In two-dimensional matrix notation, eq (S6) take the form

4 O 94,
RT or or
— =[I (S13)
4, Oy ] g,
RT or or

For the mixed-gas Langmuir model, eq (S7), we can derive simple analytic expressions for the four

elements of the matrix of thermodynamic factors:’

1_92 ql,sat 91 1+blﬁ ql,sat blﬁ
|:rll 1H12:| _ 1 9> 5t _ 9> sar (S14)
r r 1-6, -6
21 2 1~ Zz sat 0, 1-0 D 5t bf, 1+bf,
1,sat 1,sat

where the fractional occupancies, &, are defined by eq (S7).

Let us define the square matrix [B]
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1,y _x Bl(l +xl_BzJ xDD,
b D D 1 D
(B1=| " B =5 g ; (815)
x, I x N KB x,D, D x,D,
-2 4 1+ 2D, pl1+ 225
By, b, b, Dy, D, | D, ? )
In proceeding further, it is convenient to define a 2x2 dimensional square matrix [A] :
-1 B 7
w h o) 2
1
[A] — 1 12 12 — D D 12 12 (816)
_i L-FL 1+L+L XZBIDZ P 1+X2B]
p, Db, B, B, B, | p, ? 3
Eq (S12) can be re-cast into 2-dimensional matrix notation
o(q)
N)=—-p|[A|[T|—=;
(¥)=-p[A][r)
DI(HXIBZ] 4D, 9, (S17)
[Nlj__ P b, b, {Fn F12} or
N, 1400, %D, x,D, D, bl 14 2P Dy Ty ]| 94,
1912 BIZ i Dlz 2 ® or
The elements of [ B] can be obtained by inverting the matrix [A]:
B, B BLJFI;_Z _BX_1
|: 11 12:|: 1 12 12 :[A]—l (818)
By Bp] | L2 L. %
BIZ BZ BIZ

A 2x2 dimensional Fick diffusivity matrix [D] is defined as the product of [A] and the matrix of

thermodynamic correction factors [F] :

1 _Bl(l—l—xlDz} x1§IB2 | o
D|=[B]'[r]= ; ) {” 12}
[ ] [ ] [ ] 1 xlDz LBI sz1D2 b1 szl rzl F22 (S19)
12 2| D, ’ 12
o(q)
N)=-p|D|——=
(N)=-p[P]=
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1.3 Negligible correlations scenario for M-S diffusivities
For values of /P, -0, and H,/D,, > 0, the contribution of the first right member of M-S Eq

(S12) can be ignored and correlations can be considered to be of negligible importance; we derive

B, P, {An AMPP 0}

b, b, Ay Ay 0 b,
Dy, D12:|: |:Bl 0 {F” r12j|
D, D, 0 b, Iy (S20)
%4
Nlj:_p |:D11 D12:| or
N, D, D, %
or

Eq (S20) is valid, as a first approximation, for diffusion in cage-type zeolites with 8-ring windows
(CHA, LTA, DDR, ERI) and ZIF-8; see earlier publications.” 1°1¢ For all of the guest/host combinations
considered in this article, the use of eq (S20) is justified.

When correlation effects are negligible, the diffusional coupling effects are solely traceable to mixture

adsorption thermodynamics, embodied in the matrix [F] .

If the mixed-gas Langmuir model is used to describe mixture adsorption equilibrium, the matrix of
thermodynamic correction factors is given by Eq (S14). Combining eqs (S14)., and (S20) we obtain the

flux expression

1_‘92 M@ %

Nl Bl 0 1 q2,sat al"
==p T (S21)
N2 0 D2 1 - 01 - 02 q2,sat 92 1 _ 01 %

QI,sat ar

Eq (S21) is essentially equivalent to the flux relation used by Habgood'” to model transient overshoots
in the loading of N2 during transient uptake of N2/CH4 in LTA-4A zeolite. These flux relations (S21)
are also incorporated into the models for describing the transient breakthroughs in fixed bed adsorbers

by Ruthven, Farooq, Knaebel, and co-workers. '8!
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1.4 Ignoring thermodynamic coupling effects

In the Henry regime of adsorption, i.e. at low component loading, thermodynamic correction factors

may be adequately described by I';, = 6, , the Kronecker delta.

lj 2
%4
r, r 1 0 N, b 0
oo Do B N or (S22)
r, r, 0 1 N, 0 D,||dq,
or
Indeed, the major objective of this article is to demonstrate the inadequacy of Eq (S22) to model

transient mixture uptake in microporous crystals, and transient breakthroughs in fixed bed adsorbers.

1.5 Eigenvalues and Eigenvectors of the Fick Diffusivity Matrix

For future discussions it is necessary to determine the eigenvalues of the Fick diffusivity matrix in Eq

(S20); the two eigenvalues 4,4, may be determined as follows

trace([D]) =D, T,, +D,T,,
|D| =pI'\D,I",, -DT,D,I', =D, B2|F|

discriminant ([D]) = (DT, +D,T, )’ — 4D, BT

= \/(Dlzrn2 +922F222 +2D T, DIy, ) —4b D, I\ [, +4D D, 1,1,

\/(Blzrnz +822F222 —2D1F11D2F22)+4BIBZF12F21

(S23)
= \/(Blrll -b,I',, )2 + 4"91 D,I',I,,
/1' — Blrll +D2r22 + \/(Blrll _B2F22 )2 + 4B1 B2F12F21
2
2
_ Blrll +D2F22 _\/(Blrll _Bzrzz) +4B1192F12F21
2
Let [P] represent the modal matrix of [D] ; [P] has the property that
_ A 0
P]'[D][P]=
GO R &1
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In eq (S24), 4, and A, are the eigenvalues of the Fick diffusivity matrix [D]. The columns of [P]

1 1
are the eigenvectors (¢, )= ~4 | cand (e)= D, of [D].If 4, >4,, (¢) is the fast
Dy, D,, -4,

eigenvector, and (e, ) is the slow eigenvector.

1 1
[P]:[(el)(ez)]: D4 __ D,
Dlz D22 _ﬂ“z
_Dll_ﬂ'l __D11 /11 rll /11 (525)
D12 D12 D12 1—‘12 D12
_D22 _ﬂ“z _ Dzz ﬂ“z rzz ﬂ“z
D21 D21 D21 1—‘21 D21
The elements ¢,,e,, of the two eigenvectors can be determined as follows
2
ﬂq _ 21 _ Dlrll +D2F22 +\/(Dlrll _Dzrzz) +4B132F12F21
D, DI, 2D T,
1| r,, b, T 1 D
=—| 4+ =224_— T, -2 +4 21“121“21 $26
2 1—‘12 1 12 1—‘12 B ( )
2
oo DumA_ Dy A Ty A 1| Ty BT J[F_zr_j aPTa
12
D12 D12 D12 1—‘12 D12 2 1—‘12 Bl 1—‘12 1—‘12 Bl 1—‘12 B 1—‘12
2
12 _ /12 _ Dlrll +Bzrzz _\/(Dlrll _Dzrzz) +4DlDzr12r21
DZI BZFZI B2r21
2
1| T, T 1 D D
=—| e+ -— | I, -1, | +4—1,0, (S27)
2 DZ 1_‘21 l_‘21 1_‘21 BZ B2
2
L_ Dy=A_ Dy A Ty A 1B, Ty (&&_Fzzj R
622 D21 D21 DZl 1_‘21 D21 2 BZ er FZI BZ FZI FZI 2 1_‘21
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2 TAST calculations of mixture adsorption equilibrium

2.1 Brief outline of theory

Within microporous crystalline materials such as zeolites and metal-organic frameworks (MOFs), the

guest molecules exist in the adsorbed phase. The Gibbs adsorption equation in differential form is

Adr = z q.d u, (S28)

i1

The quantity 4 is the surface area per kg of framework, with units of m? per kg of the framework of
the crystalline material; gi is the molar loading of component i in the adsorbed phase with units moles
per kg of framework; i is the molar chemical potential of component i. The spreading pressure 7 has
the same units as surface tension, i.e. N m™.

The chemical potential of any component in the adsorbed phase, £, equals that in the bulk fluid phase.
If the partial fugacities in the bulk fluid phase are fi, we have
du, =RTdIn f (S29)
where R is the gas constant (= 8.314 J mol™! K!).

Briefly, the basic equation of Ideal Adsorbed Solution Theory (IAST) theory of Myers and Prausnitz’
is the analogue of Raoult’s law for vapor-liquid equilibrium, i.e.
f =Px; i=12,.n (S30)
where xi is the mole fraction in the adsorbed phase

x = (S31)
4 +q,+.4,

and P’ is the pressure for sorption of every component i, which yields the same spreading pressure, 7

for each of the pure components, as that for the mixture:
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x4 Tt q.(f) { ¢, (f) i g, (f)
2 _ 149\ gr (L) g (LY gr S$32
RT ! 7 f! f y ! f 4 (832)

where g (f) is the pure component adsorption isotherm. The units of Z—;{ =®, also called the surface

1’22, 23

potentia are mol kg''; the surface potential has also been called the adsorption potential in several

recent publications.?*?’

The unary isotherm may be described by say the 1-site Langmuir isotherm

b b

q (f):qsatﬁ’ :W (S33)

where we define the fractional occupancy of the adsorbate molecules, 6= g° ( f ) / q,, - The superscript 0

is used to emphasize that ¢”( /) relates the pure component loading to the bulk fluid fugacity. More

generally, the unary isotherms may need to be described by, say, the dual-site Langmuir-Freundlich

model

b, f b, f"
q°(f)=qA,WL+q L

< S34
1+b,f' "5 14b, [ (534)

Each of the integrals in Eq (S32) can be evaluated analytically:

L8 . a ) d .
o= [ L0y Somron () ezl )

P v Vs (533)
o= [ L) gy - D ln£1+bA (i] ]+—q3*‘m ln[l+b3 [i] ]
' f v, X, Vg X;

f=0 i i
The right members of eq (S35) is a function of P°. For multicomponent mixture adsorption, each of

the equalities on the right side of eq (S32) must be satisfied. These constraints may be solved using a

suitable equation solver, to yield the set of values of B°, P’, P’,..P’, all of which satisfy eq (S32).

The corresponding values of the integrals using these as upper limits of integration must yield the same
.. w4 . . o
value of the surface potential »T = ® for each component; this ensures that the obtained solution is the

correct one.
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The adsorbed phase mole fractions xi are then determined using eq (S30):

X, :%; i=1,2,..n (S36)

The applicability of eq (S36) mandates that all of the adsorption sites within the microporous material
are equally accessible to each of the guest molecules, implying a homogeneous distribution of guest
adsorbates within the pore landscape, with no preferential locations of any guest species. The
circumstances in which this mandate is not fulfilled are highlighted in recent works.?*®

A further key assumption of the IAST is that the enthalpies and surface areas of the adsorbed

molecules do not change upon mixing. If the total mixture loading is ¢,, the area covered by the

) A . . ) .
adsorbed mixture is — with units of m? (mole mixture)™!. Therefore, the assumption of no surface area
4,

Ax, Ax, Ax,

A
change due to mixture adsorption translates as — = + 4. ; the total mixture
g 4 (B') & (P) a(F)

loading is ¢, = g, +¢,...+ ¢, 1s calculated from

1 x N X, . X, (S37)
9, @(B) ¢ P) q,(F))

in which ¢/(P"), ¢y(P)),... q¢"(P") are determined from the unary isotherm fits, using the sorption
pressures for each component B’, B’, P’,.. P’ that are available from the solutions to eqs (S32), and

(S35). The occurrence of molecular clustering and hydrogen bonding should be expected to applicability
of eq (S37) because the surface area occupied by a molecular cluster is different from that of each of the
un-clustered guest molecules in the adsorbed phase.

The entire set of eqs (S30) to (S37) need to be solved numerically to obtain the loadings, ¢i of the
individual components in the mixture.

Watch also the presentation titled The IAST for Mixture Adsorption Equilibrium on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos
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3 Transient breakthroughs in fixed bed adsorbers

We first analyze the transient uptake of mixtures within a spherical micro-porous crystalline particle.
Watch also the presentation titled Transient Breakthrough Simulations on YouTube

https://www.youtube.com/@rajamanikrishna250/videos

3.1 Transient uptake inside microporous crystals

The radial distribution of molar loadings, gi, within a spherical crystallite, of radius rc, is obtained

from a solution of a set of differential equations describing the uptake

0q.(r,t) 1 0/,
————=———\(r'N, S38
P ot r 8r( ') (538)
The intra-crystalline fluxes A, in turn, are related to the radial gradients in the molar loadings by Eq

(S17), or the simplified Eq (S20) for the negligible correlations scenario. 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,, that is maintained constant till the crystal reaches thermodynamic equilibrium with the
surrounding gas mixture. At any time #, the component loadings at the surface of the particle
q.(r.,t) = ¢q; is in equilibrium with the bulk phase gas mixture with partial pressures p,,. In the general
case, the component loadings are calculated using the Ideal Adsorbed Solution Theory (IAST) of Myers
and Prausnitz.” Alternatively, in some cases, the mixed-gas Langmuir eq (S7) may be of sufficient
accuracy. An important advantage of the use of the mixed-gas Langmuir model is that the matrix of the
thermodynamic correction factors can be determined explicitly using Eq (S14).

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

component loading within the crystallites of radius rc is calculated using
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- _ 3 e 2
q,(?) _,/(_?L q,(r,tyr dr (S39)

Summing eq (S39) over all n species in the mixture allows calculation of the fotal average molar

loading of the mixture within the crystallite
q,(t,2)= q,(t,2) (S40)
i=1

The spatial-averaged gi(t) and 51 (t,z) can be compared directly with experimental transient uptake

data.

For n-component transient uptake, the set of eqs (S17), (S38), and (S39), and (S40) need to be solved
numerically using robust computational techniques. Eqs (S38) are first subjected to finite volume
discretization. One of two strategies can be adopted: (a) equi-volume discretization, or (b) equi-distant
discretization; see Figure S1. The choice of the discretization scheme used is crucially important in
obtaining accurate, converged results. The choice of equi-volume slices is needed when the gradients of
the loadings are particularly steep nearer to » = rc. For either strategy, about 20 — 150 slices were
employed in the simulations presented in this work, depending on the guest/host combination.
Combination of the discretized partial differential equations (S38) along with algebraic equations
describing mixture adsorption equilibrium (IAST or mixed-gas Langmuir model), results in a set of
differential-algebraic equations (DAEs), which are solved using BESIRK.?’ BESIRK is a sparse matrix
solver, based on the semi-implicit Runge-Kutta method originally developed by Michelsen,*® and
extended with the Bulirsch-Stoer extrapolation method.*! Use of BESIRK improves the numerical
solution efficiency in solving the set of DAEs. The evaluation of the sparse Jacobian required in the
numerical algorithm is largely based on analytic expressions.” Further details of the numerical
procedures used in this work, are provided by Krishna and co-workers;” 3*3* interested readers are

referred to our website that contains the numerical details.??
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3.2 Analytic solution for binary uptake inside microporous crystals

If the matrix of Fick diffusivities, [D)] :[B]_1 [T], defined by either eq (S19), or eq (S20) may be
considered to be loading-independent during the entire duration of the equilibration process, it is
possible to obtained an analytic solution for the component loading. The analytic solution, derived first
by Geddes®’ to describe diffusion inside spherical vapor bubbles on distillation trays, is expressed as

(q*—a(t)) 6 exp(—mzﬂ'zgt)

(51*_%) ) ZZ ’ ;

T =1 m
(¢ -9))=0(a"-4,); (841)

exp(-m’z’ 22 )
6 C
O=—

T

2

s

1 m

3
I

Eq (S41) hold when (a) the initial loadings at all locations » within the crystal are uniform, i.e.
q(r,0) =¢q,, and (b) for all times ¢# > 0, the exterior of the crystal is brought into contact with a bulk
fluid mixture at a bulk pressure p(r.,t) , and molar loading, ¢, that is maintained constant till the
crystal reaches thermodynamic equilibrium with the surrounding fluid mixture.

The matrix generalization of the Geddes model, eq (S41), with the assumption that [D] calculated at

the equilibrated loading, say, may be considered to be constant, is discussed in detail in Chapter 5,

Example 5.6.1 of Taylor and Krishna *9; the result is

(¢ ~a0)=[0](¢ -a): [0]= %i%exp[—mznz @} (342)

7

c

In eq (S42), (qo), (q*), (5(0) represent, respectively, the 2-dimensional column matrices of

component loadings corresponding to: initial conditions, at final equilibrium, and spatially-averaged

values at time 7.

During the initial transience, the equilibration trajectory is dictated by the fast eigenvector
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D]l_ﬂ'l
D,

(%_%0):_ (%_%o):en (%_%0) (S43)

12

As equilibrium is approached, the equilibration trajectory follows the path dictated by the slow

eigenvector
* D * *
(%_%):_ﬁ(‘]l_% ):ezz (‘]1_‘]1) (544)
D, — D .
In eqs (S42), and (S43) the terms e, = ——1 A ;e,, =———=— are given by eqs (S26), and (S27).
D12 Dzz _/12

Pre-multiplying eq by [P]f1 we write
[P]" (¢ —q)=[P]"[Q][PI[P] " (4 -4, ):

- o 0
7=\ | 9

6 « 1 6 1 At
Q=== _zeXp|:_m2ﬂ2i1_2:|; sz_zz_zeXp{_mzﬂzr_zz}
=1

m c m=1 c

The theoretical background to eqs (S42), (S43), (S44) and (S45) are provided in Chapter 5, Example
5.6.1 of Taylor and Krishna. 3

The pseudo-component loadings follow monotonous paths to equilibrium; each pseudo-component
relaxes with the corresponding eigenvalues A4, and 4, .

. — . 6 & 1 A
(qqi —qqi(t))=Qi(qqi —qq,»o); 0, =—ZZ—2eXp[—mzﬂzr_f}; i=12 (S46)

m=1 c

3.3 Modelling transient breakthroughs in fixed bed

We describe below the simulation methodology used to perform transient breakthrough calculations
for fixed bed adsorbers (see schematics in Figure S1, and Figure S2). The simulation methodology is the
same as used in our earlier publications.* % 37 3 For an n-component gas mixture flowing through a

fixed bed maintained under isothermal, isobaric, conditions, the molar concentrations in the gas phase at
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any position and instant of time are obtained by solving the following set of partial differential equations

for each of the species i in the gas mixture® % 832

_p Zaa) 2w A(vet2) (1-¢) dq,2)

ax 2 ) i= 1, 2, .. (S47)
oz ot oz & ot

In eq (S47), ¢ is the time, z is the distance along the adsorber, p is the framework density, ¢ is the bed
voidage, D, 1is the axial dispersion coefficient, v is the interstitial gas velocity, and ai(t,z) is the

spatially averaged molar loading within the crystallites of radius 7., monitored at position z, and at time
t. The time ¢ = 0, corresponds to the time at which the feed mixture is injected at the inlet to the fixed
bed. Prior to injection of the feed, it is assumed that an inert, non-adsorbing, gas flows through the fixed
bed. In this model described by eq (S47), the effects of all mechanisms that contribute to axial mixing

are lumped into a single effect axial dispersion coefficient D_ . Ruthven et al.'® state that more detailed

models that include radial dispersion are generally not necessary. They also make the following remark
“when mass transfer resistance is significantly greater than axial dispersion, one may neglect the axial
dispersion term and assume plug flow”. This is the situation that manifests for kinetically controlled
separations, the focus of the present article. Consequently, all of the analysis and breakthrough

simulations were carried out using the plug flow assumption.

The term % in eq (S47) is determined by solving the set of eqs (S38), and (S39), and (S40).

At any time ¢, and position z, the component loadings at the outer surface of the particle ¢,(7,,¢,z) isin
equilibrium with the bulk phase gas mixture with partial pressures p,(¢,z) in the bulk gas mixture. In
the general case, the component loadings ¢,(r,,,z) are calculated using the Ideal Adsorbed Solution

Theory (IAST) of Myers and Prausnitz.” Alternatively, in some cases, the mixed-gas Langmuir eq (S7)
may be of sufficient accuracy.

The interstitial gas velocity is related to the superficial gas velocity by
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I

(348)

In all of the simulations reported in this article, the entire bed of crystalline particles is considered to
be devoid of adsorbates at time ¢ = 0, i.e. we have the initial condition
t=0; ¢,0,z)=0 (S49)

Eq (S49) is relevant to the operation of the transient breakthrough experiments on a laboratory scale,
but are not truly reflective of industrial operations.

At time, ¢ = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component gas
mixture and this step input is maintained till the end of the adsorption cycle when steady-state
conditions are reached.

20, p(0,0)=py; u(0,0)=u, (S50)
where u, =v,¢ is the superficial gas velocity at the inlet to the adsorber.

Typically, the adsorber length is divided into 100 slices, and each spherical crystallite was discretized
into 20 - 150 equi-volume slices. The results thus obtained were confirmed to be of adequate accuracy.
Combination of the discretized partial differential equations (PDEs) along with the algebraic equations
describing mixture adsorption equilibrium (IAST, or mixed-gas Langmuir model, as appropriate),
results in a set of differential-algebraic equations (DAEs), which are solved using BESIRK.?’ BESIRK
is a sparse matrix solver, based on the semi-implicit Runge-Kutta method originally developed by
Michelsen,*® and extended with the Bulirsch-Stoer extrapolation method.*! Use of BESIRK improves
the numerical solution efficiency in solving the set of DAEs. The evaluation of the sparse Jacobian
required in the numerical algorithm is largely based on analytic expressions.’ Further details of the

% 3234 interested

numerical procedures used in this work, are provided by Krishna and co-workers;
readers are referred to our website that contains the numerical details.>?

For all the simulations reported in this article we choose the following: adsorber length, L = 0.3 m;
cross-sectional area, 4 = 1 m?; superficial gas velocity in the bed, uo = 0.04 m s™!; voidage of the packed

bed, £ = 0.4. Also, the total pressures is assumed to be constant along the length of the fixed bed. Please

S21



note that since the superficial gas velocity is specified, the specification of the cross-sectional area of the

tube, 4, is not relevant in the simulation results presented. The total volume of the bed is V, , = LA . The

volume of zeolite or MOF used in the simulations is V,, = LA(1—¢) = 0.18 m’. If p is the framework

density, the mass of the adsorbent in the bed is m,, = pLA(1—¢) kg. It is important to note that the

volume of adsorbent, V,, , includes the pore volume of the adsorbent material. In these breakthrough

simulations we use the same volume of adsorbent in the breakthrough apparatus, i.e. (1 - &) 4 L = 0.18
m* =180 L.

The transient breakthrough data for the dimensionless concentrations at the exit of the fixed bed,
¢,/c,, » are plotted as a function of a modified time parameter defined by
(QOZ flow rate m® s )x(time ins) O

(kg MOF packed in tube) My,

- (oA )x(2) B U te
- (1-¢&)x(L m)x(A mz)x(p kg m'3) C(1—&)exLxp

— m3 kg—l
(S51)

The theoretical justification for the use of this modified time parameter is the shock-wave model, as

described in previous works.?”-3
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3.4 List of Figures for Transient breakthroughs in fixed bed adsorbers

L = length of packed bed

- v
~N 0 ol
Q'«Cnt:. ‘.-.-u'-?."
Zra Simdvpgtusragn v b
L LTS L T

Entering gas mixture
Exiting gas mixture

Two (different
discretization
strategies for
adsorbent particle

Equi-distant slices Equi-volume slices

Figure S1. Two different discretization schemes for a single spherical crystallite.
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| L = length of packed bed

_ > 100-200 slices

Entering gas mixture

distance along bed, z

20-50 slices

Figure S2. Discretization scheme for fixed bed adsorber.

Exiting gas mixture

Equi-volume slices
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4 Separation of hexane isomers

4.1 Background on hexane isomers separation

The separation of hexane isomers, n-hexane (nC6), 2-methylpentane (2MP), 3-methylpentane (3MP),
2,2 dimethylbutane (22DMB), and 2,3 dimethylbutane (23DMB) is required for production of high-
octane gasoline. The values of the Research Octane Number (RON) increases with the degree of
branching; Table SI lists the Research Octane Numbers (RON) of C6 alkanes.*’ The di-branched
isomers (22DMB, 23DMB) have significantly higher RON values than that of the linear isomer (nC6),
and mono-branched isomers (2MP, 3MP). 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.* #!: 4> Table S1 also lists the boiling points of alkane isomers. Due to
the small differences in boiling points, distillation is energy intensive.

Currently, the separation of hexane isomers is performed using LTA-5A zeolite that operates on the
principle of molecular sieving; see Figure S3. Linear nC6 can hop from one cage to the adjacent cage
through the 4 A windows of LTA-5A, but branched alkanes are largely excluded. An improved
separation scheme, pictured in Figure S4, would require an adsorbent that would separate the di-
branched isomers 22DMB and 23DMB from the nC6, 2MP, and 3MP; this would allow the low-RON
components to be recycled back to the isomerization reactor. The separation of 22DMB and 23DMB
from the remaining isomers is a difficult task because it requires distinguishing molecules on the degree
of branching; such a separation is not feasible with the currently used LTA-5A. Typically, in such a
processing scheme the aim would be to produce a product stream from the separation step with RON
value > 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
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incorporated into the product stream. Sharp separations between mono- and di- branched isomers is not

a strict requirement.

4.2 Configurational-entropy effects in MFI zeolite

According to a patent granted to Universal Oil Products (UOP) for separation of hexane isomers,**°

the desired separation of hexane isomers as portrayed in Figure S4 is achievable with a variety of
materials; see the pulse chromatographic separation data as presented in the UOP patents, and
reproduced in Figure S5. The UOP patent states:

“The adsorbent may be silicalite, ferrierite, zeolite Beta, MAPO-31, SAPO-31, SAPO-11, zeolite X
ion exchanged with alkaline cations, alkaline earth cations, or a mixture thereof, and zeolite Y ion
exchanged with alkaline cations....”

Even though a vast number of zeolites are named in the patent, a careful examination of the separation

performance of all zeolites® 3% 46

reveals the pulse chromatographic separation data in Figure S5 is
obtained with MFTI (silicalite) zeolite. MFI zeolite (also called silicalite-1) has a topology consisting of a
set of intersecting straight channels, and zig-zag (or sinusoidal) channels of approximately 5.5 A size.
The pore landscapes and structural details are provided in Figure S6, and Figure S7. This
chromatographic pulse data clearly shows the potential of MFI zeolite to separate a mixture of hexane
isomers into three different fractions consisting of linear, mono-branched, and di-branched isomers. The
separation relies essentially on configurational entropy effects. Figure S8 shows the computational
snapshots for nC6, 2MP, and 22DMB within the intersecting channels of MFI zeolite. The linear nC6
can locate anywhere along the straight and zig-zag channels; the linear isomer is not “configurationally
challenged”. Mono-branched 2MP and di-branched 22DMB prefer to locate at the intersections of MFI,
because these are too bulky to locate within the channels; these branched isomers are subject to a
configurational “penalty”.

Watch the presentation Separation of Hexane Isomers on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

S26



Figure S9a shows the unary isotherms of nC6 and 2MP in MFI zeolite at 300 K. Due to
configurational considerations, 2MP molecules prefer to locate at the channel intersections because of
the extra “leg room” that is available here. There are four intersection sites per unit cell, and therefore
the saturation capacity of 2MP is limited to 4 molecules uc™!, for bulk fugacities ranging to 100 Pa..**4
The continuous solid lines are dual-site Langmuir-Freundlich fits; the unary isotherm fit parameters are
provided in Table S2. Figure S9b presents CBMC simulations of component loadings of binary 50/50
nC6/2MP mixtures in MFI zeolite at 300 K. At bulk fluid phase fugacities higher than 100 Pa,

configurational entropy effects lead to almost total exclusion of 2MP. Figure S9c presents CBMC

simulation data on the adsorption selectivity. Figure S9d are the CBMC simulations of the

. ) I, T
thermodynamic correction factors [ ! 12} .
FZ] FZZ

Entropy effects in MFI zeolite also manifest for adsorption of nC6/3MP/22DMB mixtures.: n-hexane
(nC6), 2-methylpentane (2MP), 3-methylpentane (3MP), 2,2-dimethylbutane (22DMB). Figure S10a
shows the unary isotherms, fitted with the dual-site Langmuir-Freundlich model. Figure S10b presents
CBMC simulations of component loadings in a ternary equimolar nC6/3MP/22DMB mixture at 433 K
as a function of the total hydrocarbons fugacity fi. The IAST (continuous solids lines) predicts entropy
effects in quantitative agreement with CBMC simulations.

Entropy effects also manifest for 5-component nC6/2MP/3MP/22DMB/23DMB mixtures in MFI
zeolite. The pure component isotherms are shown in Figure S11a; the continuous solid lines are the
unary isotherm fits with the dual-site Langmuir-Freundlich model. Figure S11b presents CBMC
simulations of component loadings in a 5-component nC6/2MP/3MP/22DMB/23DMB mixture at 433 K

as a function of the total hydrocarbons fugacity f:.

S27



4.3 Transient nC6/2MP uptake in MFI

The transient uptake of nC6(1)/2MP(2) mixtures in microporous crystals of MFI zeolite, exposed to

an equimolar ( p = pz) gas phase mixture at constant total pressure ( p, = p, + p, = 2.6 Pa) have been

reported by Titze et al.;>° see Figure S12a. The transient equilibration of nC6 displays a pronounced

1°°  have

overshoot, achieving supraequilibrium loadings during transient equilibration. Titze et a
established the validity of the uncoupled M-S eqs (S20) to model intra-crystalline fluxes by detailed
consideration of correlation effects. The mixture adsorption equilibrium is determined using the IAST;

the unary isotherm data are provided in Table S2. The essential features of the transient uptake on

nC6/2MP uptake in MFI zeolite can be adequately captured by the flux equation (S20) taking D, / ro=

0.016 s'; B,/r’ = 1.6x10* s B,/P, = 100.*° The lower diffusivity of the mono-branched isomer
2MP is due to the severe configurational constraints within 5.5 A sized channels of MFI. The nC6

overshoot is caused by the significant off-diagonal elements of [I']; the elements of [I'] are presented

in Figure S9d. At a total pressure p,=p +p, = 2.6 Pa, the elements of the [F] are

r, r 4.335 2.947
[” ‘2}—[ } The  Fick  diffusivity matrix is  calculated to  be

r, I, 4.051 4.438

Dll D12

D, D, 693.541 471.445 o .
T | 6480 7101 x10™ s”. If we assume I'j = 3, and invoke Eq (S22), the nC6
r, . .

overshoot disappears; see dashed lines in Figure S12a.3% 5!

In Figure S12b the component loadings of nC6 and 2MP are plotted in composition space, with 2MP
loadings on the x-axis. We note that the equilibration trajectory is not monotonous and follows a

serpentine trajectory. In order to appreciate the fundamentals that underlie this serpentine trajectory we
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plot the two ecigenvectors of [D]: (¢)=| D, -4 |and (e)=| D, where the two

eigenvalues are iz =697.964x107" s ;ﬁ2 =2.678x107" s,
r v

During the initial transience, the equilibration trajectory is dictated by the fast eigenvector, indicated

by the red line in Figure S12b

Dn_ﬂl
D,

12

(% - 920) =- (% _%o) (S52)

As equilibrium is approached, the equilibration trajectory follows the path dictated by the slow

eigenvector, indicated by the blue line in Figure S12b

(0,-a)=- (¢1—ar) (S53)

_ T
Dy, =4,
The experimental data on the equilibration trajectory lies within the two bounds dictated by eqs (S52),
and (S53).
The pseudo-component loadings [P]_l (q) = (qq) follow monotonous paths to equilibrium; each

pseudo-component relaxes with the corresponding eigenvalues 4, and 4, .

. — . 6 & 1 A
(qqi —qqi(t))=Q,»(qqi —6161,»0); o =;Z—26Xp[—mzﬁzr_f} i=1,2 (S54)

m=1
The transient equilibration of the pseudo component loadings are plotted in Figure S12c; note that the

pseudo loading of 2MP, ¢gg, is negative. In pseudo composition space, the pseudo component loadings

follow a monotonous approach to equilibrium; see Figure S12d.

4.4 nC6/2MP mixture separations in fixed bed adsorber

Uphill diffusion of nC6 is beneficial to the hexane isomer separations in fixed bed adsorption devices
because the desired raffinate phase will be richer in the branched isomers that have high octane

numbers. To confirm this expectation, transient breakthrough simulations were performed for separation
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50/50 nC6/2MP mixtures at 298 K and total pressure of 10 Pa. Figure S13a plots the dimensionless

concentrations at the exit of the adsorber, ¢, /c,, , as a function of a modified time parameter defined by

Oyt/m,, . In the three sets of simulations the ratio H,/D,=100, as determined from the transient uptake

1.50

experiments of Titze et al.”” Three different values for the diffusional time constants were chosen

b, /r? =1.6x10°,1.0x107°,1.6x10™ s, to investigate the varying degrees of diffusional influences.

In practice, stronger diffusional influences are achievable for use of larger sized crystals. Increasing

values of D, / r? signify diminishing influences of intra-crystalline transport; indeed for 191/ 1P —> o,

there are no diffusional limitations. We note that with decreasing D,/r’, i.e. stronger diffusional

influences, the breakthroughs take on a more distended character and 2MP exits the adsorber at earlier

times. Figure S13b plots the RON of the product gas mixture exiting the adsorber. With stronger
diffusion influences, i.e. lower values of D, / r? , there is a longer time interval during which product gas

with RON= 74.5 can be recovered at the exit; these time intervals are indicated by the colored arrows in

Figure S13b.

4.5 Separation of nC6/2MP/3MP/22DMB/23DMB mixtures with MFI zeolite

We now examine the influence of thermodynamic coupling on the uptake of 5-component mixtures of
hexane isomers nC6/2MP/3MP/22DMB/23DMB in MFI zeolite. Firstly, we get gather some insights in
the relative magnitudes of the intra-crystalline diffusivities.

Schuring et al.> have reported experimental data on the self-diffusivities of both nC6 and 2MP in
nC6/2MP mixtures. These measurements were made at a total loading that is kept nearly constant at 3.5
molecules per unit cell. Their data, that were measured at 433 K shows that both self-diffusivities are
reduced with increasing loading of 2MP in the mixture; see Figure S14a. 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 mixtures.>

We also note that the linear nC6 has a diffusivity that is about an order of magnitude higher than that of
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the branched 2MP. MD simulations show that the results such as that in Figure S14a also hold for

nC6/22DMB mixtures.>>

For the transient uptake simulations, we assume D, .,/D,,, = 5.

We now try to get an estimate of the relative values of diffusivities of the branched isomers in MFI.
On the basis of the experimental data on diffusivities of hexane isomers reported by Cavalcante and
Ruthven®* and Jolimaitre et al,> we note that the hierarchy of diffusivities is 2MP ~ 3MP > > 23DMB
> 22DMB; see Arrhenius plots in Figure S14b,c.

The data in Figure S14 implies that inclusion of diffusional considerations will result in sharper
separations with MFI between 3MP and 23DMB than is possible on the basis of equilibrium
considerations alone. For a conservative evaluation of the separations we assume the ratios of

diffusivities as B,/ Pyyp =15 Do/ Poapss =35 Possis/ Posos =1 these values are also in agreement
with those used in the work of Herm et al.** By fixing the value of B,../r’, the diffusional

characteristics are fully determined. Herm et al.** have taken the value of D, /r’ = 0.002 s™" for MFI

zeolite.

Figure S15a,b present simulations of transient uptake inside MFI crystal exposed to a gas phase 5-
component nC6/2MP/3MP/22DMB/23DMB mixture at a total pressure of 100 kPa and 433 K. The
partial pressures of the components in the bulk gas phase at the inlet are p1 = p2 = p3 = pa = ps = 20 kPa.
For the uptake simulations that include the influence of thermodynamic coupling, using eq (S10), we
note that nC6 shows an overshoot in the uptake during the early stages of the transience. If
thermodynamic coupling is ignored and eq (S11) is invoked for determining intra-crystalline fluxes, the
nC6 overshoot disappears. The nC6 overshoot signifies uphill diffusion and attainment of
supraequilibrium conversions for a brief time span; these phenomena are beneficial to the separation of
alkane isomers.

Figure S16a shows the transient breakthrough for 5-component nC6/2MP/3MP/22DMB/23DMB

mixture in a fixed bed adsorber packed with MFI (framework density p = 1.796 kg L") operating at a
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total pressure of 100 kPa and 433 K. The partial pressures of the components in the bulk gas phase at

the inlet are p1 = p2 = p3 = p4 = ps = 20 kPa. Intra-crystalline diffusion effects are taken into account
using the input values as in previous work:* B, /r? =B, .. /r?=0.002s" ; B, /D,y =5 Poyp/ P
=1, Byyp/Prrpws =35> Poois/Pospz =1 In the simulations, we choose the mass of the adsorbent in the
bed m_, =180 kg, cross-sectional area, 4 = 1 m?; superficial gas velocity at the bed inlet, uo = 0.04 m
s’!; voidage of the packed bed, £= 0.4. The framework density of MFI is p =1796 kg m™. The length L

1000
P

of the adsorber bed is chosen as L = x0.3=0.167002 m. The CBMC simulated unary isotherms

are fitted with the parameters specified in Table S3. The dimensionless concentrations of the component

hexanes in the outlet of the fixed bed are plotted against the modified time parameter

(QOZ flow rate L s'l)x(time ins) O
(kg MFI packed in tube) ~ m,,

=Lkg" as the x-axis.

The objective of the separation of hexane isomers is to obtain a raffinate product that has a higher
octane number. In Figure S16b, the RON of the mixture exiting the fixed bed is calculated from the pure
component RON values in Table S1. The RON calculations are based a linear mixing rule using the
mole fractions in the product gas exiting the adsorber; no non-linear mixing rules are applied.

In order to highlight the influence of diffusional limitations on the product RON, Figure S16b

presents calculations of the product RON determined from transient breakthrough simulations with five

different values of B,/r’ = 1.39x107,2x107,3.13x107,5.56x107,1.25x10” s'; in these
simulations, the ratios B,../Dyp = 55 Do/ Par =55 Poce/Poous =25 Doe/Pospus =25  were

maintained the same. Let us assume a target RON value of the raffinate from the adsorber is 92 RON.
From a material balance on the adsorber, we can determine the number of moles of 92 RON+ product

that can be recovered. Expressed per kg of MFI zeolite packed in the adsorber, the 92+ RON

productivity is plotted in Figure S16c as function of D, / r> . We clearly note that with increasing
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diffusional influences, due to lowering of the value of D, / r? , the 92 RON productivity increases. This

is a direct consequence of the adsorption/diffusion synergy.

4.6 Separation of nC6/2MP/3MP/22DMB/23DMB mixtures with Fe;(BDP)3

Herm et al.** report the synthesis of Fe2(BDP)s [BDP* = benzenedipyrazolate] that has 1D channels
which are triangular in shape and a pore size of 4.9 A; see Figure S17. Molecular simulations provide
insights into the workings of Fe2(BDP)s. The linear nC6 can align optimally along the V-shaped gutters,
and exert the best van der Waals interaction with the framework. The interactions of the mono- and di-
branched isomers are less effective, resulting in considerably lower adsorption strengths. The hierarchy
of breakthroughs reported in the transient experiments of Herm #° is 22DMB, 23DMB, 3MP, 2MP, and
nC6 (cf. Figure S18); this hierarchy is dictated by a combination of adsorption strengths (nC6 >>2MP
~ 3MP >> 22DMB = 23DMB) and diffusivities (nC6 > 2MP = 3MP > 22DMB =~ 23DMB). The di-
branched isomers 22DMB and 23DMB can be recovered in the early stages of the transient
breakthrough in fixed bed adsorbers. The experimentally determined breakthroughs in fixed bed
adsorbers displays distended characteristics that is indicative of strong intra-crystalline diffusional
limitations within the 4.9 A channels.

For determining the 92+ RON productivities of Fe:(BDP)3, we carried out transient breakthrough
simulations using experimental data of the unary isotherms of hexane isomers; the isotherm data fits are
presented in Table S4. The simulation results are shown in Figure S19a in which the dimensionless

concentrations of the hexane isomers exiting the fixed bed are plotted as a function of

(QOZ flow rate L s™ at STP)x (timeins) o

- =Lkg" as the x-axis. Intra-crystalline diffusion effects
(kg MOF packed in tube) m,,

are taken into account using the input values as elaborated in previous work:* D, . / r?=0.002 s,
Do/ Porr =55 Do/ Par =55 Prce/Prapms =105 B,cs/Pospus =10. In the simulations, we choose the

mass of the adsorbent in the bed m_, =180 kg, cross-sectional area, 4 = 1 m?; superficial gas velocity
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at the bed inlet, uo = 0.04 m s™!; voidage of the packed bed, £= 0.4.The framework density of Fe2(BDP)3

is p=1145.461 kg m>. The length L of the adsorber bed is chosen as L = m>< 0.3=0.261903 m.

P

The objective of the separation of hexane isomers is to obtain a raffinate product that has a higher

octane number. In Figure S19b, the RON of the mixture exiting the fixed bed is calculated from the pure

component RON values in Table S1. The RON calculations are based a linear mixing rule using the
mole fractions in the product gas exiting the adsorber; no non-linear mixing rules are applied.

In order to highlight the influence of diffusional limitations on the product RON, Figure S19b

presents calculations of the product RON determined from transient breakthrough simulations with three

different values of B,/r’ = 2x107,3.13x107,5.56x10° s7'; in these simulations, the ratios
Do/ Pore =55 Do/ P =355 Pocs/Porps =105 D,/ Paypys =10 were maintained the same. Let us

assume a target RON value of the raffinate from the adsorber is 92 RON. From a material balance on
the adsorber, we can determine the number of moles of 92 RON+ product that can be recovered.

Expressed per kg of Fe2(BDP)s packed in the adsorber, the 92+ RON productivity is plotted in Figure

S19c as function of D, / > . We clearly note that with increasing diffusional influences, due to lowering

of the value of D, / r?, the 92 RON productivity increases. This is a direct consequence of the

adsorption/diffusion synergy.
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4.7 List of Tables for Separation of hexane isomers

Table S1. Research Octane Numbers (RON) and boiling points of C6 alkanes. Information collected

from a variety of web sources.

Hexane isomer Research Octane Number Boiling point
(RON) K

n-hexane (nC6) 30 341.5

2-methyl pentane (2MP) 74.5 333.1

3-methyl pentane (3MP) 75.5 336.5

2,2 dimethyl butane (22DMB) 94 323.15

2,3 dimethyl butane (23DMB) 105 331.2
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Table S2. Dual-site Langmuir-Freundlich parameters for pure component isotherms for hexane

isomers in MFI at 300 K. This data is from the Supporting Information of Titze et al.*® The unary

isotherm data are fitted with the dual-Langmuir-Freundlich model

— —bAPVA
A,sat 1+bAva

. —beVB
i,B,sat 1+be"B

Site A Site B
®A,mt bA VA ®B,Sat bB VB
molecules uc! | Pa™ molecules uc”’ | Pa™
nC6 6.6 0.7084 0.83 1.4 16.5765 1.5
2MP 4 4.51 1.05 4 7.92x107° 1.13
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Table S3. Dual-site Langmuir-Freundlich parameters for unary hexane isomers at 433 K in MFI

zeolite. ® =0O

A,sat v
1+b,p™

bApVA

beVB

i,B,sat —v
1+b,p™

The fits are based on CBMC simulation data of Krishna and van Baten.>®

Site A Site B
®A,sat bA VA ®B,sat bB VB

molecules uc’ | Pa™ molecules uc”’ | Pa™
nC6 3.2 2.21x10% | 1.6 4.3 7.42x10% |1
2MP 4 7.85x10% | 1.03
3MP 4 4.22x10* | 1.02 1 9.88x107 |1
22DMB 4 2.55%10% | 1.02
23DMB 4 4.59x10% | 1.02

Intra-crystalline diffusion effects are taken into account using the input values as in previous work:*

Doo/r2=10.002 s B, /Doy =15 Pyuw/Poapus =55 Poars/Prapus =1 The transient breakthrough

simulations are based on eq (S10) taking due account of thermodynamic coupling effects.

51,57
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Table S4. Dual-Langmuir-Freundlich parameter fits for Fe2(BDP)3 based on the experimental data of

Herm et al.* for isotherms at 403 K, 433 K, and 473 K. These isotherms were fitted with with 7-

b,p™
= _—t —_—
q qA,Sat 1+ bApVA qB,sat Vg

dependent parameters
E E
b,=b,,exp (R—}j, b, =b,, exp (R—;j

Site A Site B

gasat bao Ea VA qBsat bgo Ep B

mol kg! Pa " kJ mol! dimensionless | mol kg'! Pa " kJ mol!

dimensionless

nC6 0.28 2.74x10726 | 111 3 1.17 8.86x103 | 73 1.02
2MP 0.78 2.13x1013 | 76 1.1 0.63 5.61x10"7 | 89 1.36
3MP 0.36 4.62x1013 | 76 1.1 1.07 1.34x107'¢ | 89 1.36
22DMB | 0.53 1.33x1032 | 167 2.9 0.94 1.42x1071% | 67 1
23DMB | 0.61 9.74x103 | 167 2.9 0.92 1.49%102 | 67 1

Intra-crystalline diffusion effects are taken into account using the input values as in previous work:*

Bnce/”c2 =0.002 s7"; DnC6/D2MP =5; DnC6/D3MP =5; DnCé/B22DMB =10; DnC6/D23DMB =10. The transient

breakthrough simulations are based on eq (S10) taking due account of thermodynamic coupling

effects.’!>7
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4.8 List of Figures for Separation of hexane isomers

Linear nC6 recycle

Isomerization

=

nCé6 2MP  3MP 22DMB 23DMB

step using LTA-5A zeolite.

m-:wduig b 4

Separation

>

2MP  3MP 22DMB 23DMB

yode'dL A

Figure S3. Currently employed processing scheme for nC6 isomerization and subsequent separation
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Linear + mono-branched recycle nC6 2MP  3MP

Isomerization

nC6 2MP  3MP 22DMB 23DMB

m:wd'wig X

>

Separation

MFIS—{

22DMB | 23DMB

XYL

Figure S4. Improved processing scheme for the nC6 isomerization process using MFI zeolite in the

separation step.
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2

©
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Volume eluted / mL

Figure S5 Pulsed chromatographic separation of hexane isomers as reported in the patents assigned to

Universal Oil Products (UOP).*4
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M FI pore landscape

MFI
alA 20.022
b /A 19.899
cl/A 13.383
Cell volume / A% 5332.025
conversion factor for [molec/uc] to [mol per kg Framework] 0.1734
conversion factor for [molec/uc] to [kmol/m?3] 1.0477 F
p [kg/m3] 1796.386
{ .
MW unit cell [g/mol(framework)] 5768.141
¢, fractional pore volume 0.297
open space / A%uc 1584.9
Pore volume / cm®/g 0.165
Surface area /m2/g 487.0
Delaunay diameter /A 516

Figure S6. Structural details and pore landscape for MFI zeolite.
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10 ring channel
of MFI viewed
along [100]

10 ring channel
of MFI viewed
along [010]

Figure S7. Structural details and pore landscape for MFI zeolite.
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22DMB

Figure S8. Computational snapshots showing the location of nC6, 2MP, and 22DMB within the

intersecting channel topology of MFI zeolite.
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Freundlich fits

m 2MP

® nC6

CBMC; nC62MP mixture;
f,=f,; MFI; 300 K

Loading, ® / molecules uc’!
N
Loading, ® / molecules uc!

2 CBMC, unary isotherms
nC6, 2MP 5
MFI; 300 K r
0 0
Lol Lol Lol Lol Lol Lol Lol Lol
0.01 0.1 1 10 100 0.01 0.1 1 10 100
c Bulk fluid phase fugacity, f/ Pa d Total fluid mixture fugacity, f/ Pa
100 10 ¢

E nC6/2MP mixture;
r MFI; T =300 K

o
o
-
T

50/50 nC6/2MP
mixture;
MFI zeolite; 300 K

nC6/2MP adsorption selectivity, S,

00 05 10 15 20 25 3.0

0.1 Ll il il
102 10" 100 10° 102

o
xS

Thermodynamic correction factors, Ty, T'y,, Ty, Ty

Total fluid phase fugacity, f,/ Pa Total fluid phase fugacity, f;, / Pa

Figure S9. (a) CBMC simulations>® of unary isotherms of nC6 and 2MP in MFI zeolite at 300 K. The
continuous solid lines are dual-site Langmuir-Freundlich fits; the unary isotherm fit parameters are
provided in Table S2. (b, ¢, d) CBMC simulations®® of (b) component loadings of binary 50/50
nC6/2MP mixtures in MFI zeolite at 300 K, (c¢) adsorption selectivity, and (d) elements of the matrix of

thermodynamic correction factors.
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Q
(o)

nC6-3MP-22DMB mixture;

® nC6 c6-3M : .
7 m 3MP 2 - f=f=1 MFI, 4.33 K:
v 22DMB | CBMC simulations

dual-Langmuir

-Freundlich fits ® nCé6
5 m 3MP
T v 22DMB
4 — IAST

pure nC6, 3MP;
22DMB;

MFI; 433 K;
CBMC simulations

102 10° 10* 10° 108

Component loading, ®, / molecules per unit cell

10' 102 10° 10*

Component loading, ®, / molecules per unit cell

Bulk fluid phase fugacity, f, /Pa Total fluid phase fugacity, f/ Pa

Figure S10. (a) Pure component sorption isotherms for nC6, 3MP and 22DMB in MFI at 433 K. The
symbols represent CBMC simulation data.*® 4% % The continuous lines are the fits using the dual-site
Langmuir-Freundlich model; the parameter values are specified in Table S3. (b) CBMC simulations
(denoted by symbols), of loadings in MFI zeolite at 433 K for equimolar ternary nC6/3MP/22DMB

mixture. The continuous solid lines are calculations using IAST.
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Freundlich fits
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CBMC simulations
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CBMC simulations

102 103 104 10° 108

Component loading, @,/ molecules per unit cell
Component loading, @,/ molecules per unit cell

Bulk fluid phase fugacity, f. /Pa Total fluid phase fugacity, f, /Pa

Figure S11. (a) Pure component sorption isotherms for nC6, 2MP, 3MP, 22DMB and 23DMB in MFI
at 433 K. The symbols represent CBMC simulation data.*® 4> 38 The continuous lines are the fits using
the dual-site Langmuir-Freundlich model; the parameter values are specified in Table S3. (b) CBMC
simulations (denoted by symbols), of loadings in MFI zeolite at 433 K for equimolar 5-component

nC6/2MP/3MP/22DMB/23DMB mixture.
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a —@ — nCé6 b —@ — Experimental data
2MP fast eigenvector
4 Model including T, slow eigenvector

——  Model assuming I';=3; ——— Model assuming I;=3,

t— o0

T T T T 1 T T T T, |

nC6/2MP mixture; 1 nC6/2MP mixture;
MFI; T =298 K; MFI; T =298 K;

Component uptake / mol kg™
N
nC6 uptake / molecules uc’
N

p,=p,=1.3 Pa p,=p,=1.3 Pa
O"V N T T O l":‘ O\ T T T O B
0 1 2 3 4 5 6 0.0 0.5 1.0 1.5 2.0
£'2 1 min"?2 2MP uptake / molecules uc’

Q

nC6/2MP mixture;
MFI; T =298 K;
p,=p,=1.3 Pa 3

qq, / molecules uc’
N

nC6/2MP mixture;

Pseudo component uptake / mol kg™

1 1 MFI; T =298 K;
p,=p,=1.3 Pa
O"V N T T T T A | O.\\:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 1 2 3 4 5 6 00 02 04 06 08 10 1.2
"2 | min'2 -qq, / molecules uc”

1-50

Figure S12. (a) Experimental data of Titze et al.” for Run 1 transient uptake of nC6/2MP mixtures in

MEFTI zeolite. Input data simulation of Run 1: B,/r> = 0.016 s™'; B,/r’ = 1.6x10* s; = 0 Pa;
t>20; p(r.,t)=p,(r.,t) = 1.3 Pa. The isotherm data are provided in Table S2. (b) component loadings

plotted in composition space. (c) Transient equilibration of pseudo component loadings. (d) Pseudo

component loadings plotted in composition space.
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nC6(1)/2MP(2) mix;
— Simulations with B,/ r.? = 1.6 x 10° s b MFI; T =298 K;
py=p, =5 Pa;

Q

— Simulations with 5,/ r.*=1.0x 10° s
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Figure S13. (a) Transient breakthrough for 50/50 nC6(1)/2MP(2) mixtures in MFI zeolite at 298 K and

total pressure of 10 Pa. The dimensionless concentrations at the exit of the adsorber, ¢, /c,, , are plotted

Out

as a function of a modified time parameter defined by .=~ .. For the three sets of simulations B, /r’ =
mads

1.6x107°,1.0x107°,1.6x107 s, maintaining the ratio D,/H,=100. (b) RON of product gas mixture

leaving fixed bed adsorber packed with MFI zeolite.
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Figure S14. (a) Experimental data®® on self-diffusivities of nC6 and 2-methylpentane (2MP) as a
function of the loading of 2MP, keeping the total loading ®: = 3.5/uc. (b, ¢) Arrhenius plot of
diffusivities of 2MB, 2MP, 3MP, 22DMB, and 23DMB in MFI zeolite. The data are re-plotted from the

experimental results of (b) Cavalcante and Ruthven,> and (c) Jolimaitre et al.*
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Figure S15. (a, b) Transient uptake inside MFI crystal exposed to a gas phase 5-component
nC6/2MP/3MP/22DMB/23DMB mixture at a total pressure of 100 kPa and 433 K. The partial pressures
of the components in the bulk gas phase at the inlet are p1 = p2 = p3 = pa = ps = 20 kPa. (a) These uptake
simulations include thermodynamic coupling: eq (S10). (b) In these uptake simulations, thermodynamic

coupling is ignored: eq (S11). The input data on unary isotherms and M-S diffusivities are provided in

Table S3.
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Figure S16. (a) Transient breakthrough characteristics
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nC6/2MP/3MP/22DMB/23DMB mixture in a fixed bed adsorber packed with MFI operating at a total

pressure of 100 kPa and 433 K. The partial pressures of the components in the bulk gas phase at the

inlet are p1 = p2 = p3 = pa = ps = 20 kPa. (b) RON of the gas mixture exiting the adsorber, plotted as

function on Q,¢/m
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Figure S17. The triangular channel topology of Fe2(BDP)3.*’ Also shown are computational snapshots
(side-on view) of the conformations of nC6, 2MP, 3MP, 22DMB, and 23DMB within the triangular

channels.
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Figure S18. Experimental data on transient breakthrough of hexane isomers in a fixed bed packed

with Fe2(BDP)3.%

S54



nC6/2MP/3MP/ nC6/2MP/3MP/
a 22DMB/23DMB; b 22DMB/23DMB; C
p, = 100 kPa; 433 K; Fe,(BDP), p, = 100 kPa; 433 K; Fe,(BDP),

2_. -3 o1
B,/r?=2x10"s

$ r 100 - 040f
5 2r _ F - D,/r,?=2,0x10% s ‘> F
8 of 8 osf - D,/r?=3.13x10° s T 038
3 Or @ r 2_ 3 -1 - E
8 : % oo b B,/r,?=5.56x10° s 3 ot
3 g
g 08p £ F ° E
g ¥ B oaf z O¥r
2 o6l © F o L
g 6 - % r X 032F
o L £ 92 + L
c C o r N C
S 04f g f 2 030F
173 C (O] L C
3 r 5 OF z E nCB/2MP/3MP/
S o02f z - 2 0281  22DMB/23DMB;
2 [ e 88p N 3 [ p =100 kPa; 433 K; Fe,(BDP),
5 g g 8 026f
gO'OA\\\\\\\\\\\\\\\\\\\\\\\\ 867\\\\\\\\\\\\\\\\\\\\\\\ o = T Y Y T Y |
20 40 60 80 100 120 30 40 50 60 70 80 0002 0003 0004 0005 0.006
(Qy tIm,) I L kg™ (QytIm,) /L kg™ B r2)1s'
Figure S19. Simulations of  breakthrough characteristics for 5-component

nC6/2MP/3MP/22DMB/23DMB mixture in a fixed bed adsorber packed with Fe2(BDP)s3, (framework
density p = 1.145 kg L"), operating at a total pressure of 100 kPa and 433 K. The partial pressures of
the components in the bulk gas phase at the inlet are p1 = p2 = p3 = pa = ps = 20 kPa. (b) RON of the gas

mixture exiting the adsorber, plotted as function on Q¢/m,, , for three different values of B, / 7P (c)

92+ RON productivity of Fe2(BDP)3, plotted as function of D, / 7.
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5 Adsorption/Diffusion of 1-alcohol mixtures in CHA zeolite

Let us examine the adsorption of 1-alcohols in CHA zeolite, which is a cage type zeolite that consists
of cages of volume 316 A*, separated by 3.8 A x 4.2 A 8-ring windows. The pore landscapes and
structural details of CHA zeolite are provided in Figure S20, and Figure S21.

Watch also the video presentation titled Exploiting Entropy Effects for Separating Linear

Alcohols on YouTube https:// www.youtube.com/@rajamanikrishna250/videos

Figure S22a presents snapshots of the conformations of the 1-alcohols within the cages, at saturation
conditions. CBMC simulations of unary 1-alcohols with C atoms in the 1 — 6 range in CHA at 300 K,
as reported in the work of Krishna and van Baten,” are shown in Figure S22b. The saturation capacities,
decreases from 5.4 molecules cage™! for methanol to 1 molecule cage™ for 1-hexanol; see Figure S22c.
Except for methanol, the saturation cage capacity has an integer value because 1-alcohol molecules
cannot locate at the window regions. For 1-butanol, the cage capacity is restricted to 2 molecules cage™;
for 1-hexanol, the cage capacity is 1 molecule cage™.

This difference in the cage capacities can be exploited to separate binary mixtures of linear alcohols.
The CBMC simulations for five different binary mixtures: (a) methanol/ethanol, (b) ethanol/1-propanol,
(c) ethanol/1-hexanol, (d) 1-butanol/1-pentanol, (e) 1-butanol/1-hexanol, and (f) 1-pentanol/1-hexanol
mixtures in CHA at 300 K are shown in Figure S23. The partial fugacities in the bulk fluid phase are
taken to be equal, i.e. fi=f2. In all six cases, we note a tendency for selectivity to reverse in favor of the
component with the higher saturation capacity. The shaded regions in Figure S23 indicate that the bulk
fluid phase is in the liquid phase for the range of fugacities, fi. Operations with bulk liquid phase
mixtures ensures that the shorter 1-alcohol will be preferentially adsorbed. The dashed lines represent
calculations of the IAST; the IAST correctly, and quantitatively, anticipates selectivity reversals for all

SiX mixtures.
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Experimental confirmation of the selectivity reversals as evidenced in Figure S23 are available in the
experiments reported by Remy et al.%* for transient breakthroughs of ethanol/propanol, and ethanol/1-
hexanol feed mixtures, in the liquid state, in a fixed bed adsorber packed with SAPO-34, that has the
same structural topology as CHA; see Figure S24a,b. 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 pore saturation conditions. The
later elution of the ethanol is due to a combination of (a) entropy effects favoring the adsorption of
ethanol, and (b) higher mobility of ethanol. This adsorption diffusion synergy is verified in the
experimental data of Saint-Remi et al.%! for transient uptake of ethanol/1-propanol mixtures within
SAPO-34, that is the structural analog of CHA zeolite, are shown in Figure S25. The more mobile
ethanol is found to exhibit a pronounced maximum in the uptake transience. The more mobile ethanol is
found to exhibit a pronounced maximum during the early stages of the uptake transience. ©!

The essential features of the transient uptake on ethanol/1-propanol uptake in SAPO-34 can be

adequately captured by the eq (S20) taking D, / r? =2x10°s'; /D, =300. The ethanol overshoot is
caused by the significant off-diagonal elements of [F] . If we assume ['jj = 8ij, and invoke eq (S522), the

ethanol overshoot disappears; see dashed lines in Figure S25a. The unary isotherm data are provided in
Table S5.

In Figure S25b the component loadings of ethanol and 1-propanol are plotted in composition space,
with 1-propanol loadings on the x-axis. We note that the equilibration trajectory is not monotonous and
follows a serpentine trajectory. The serpentine equilibration trajectory is guided and bound by the two
eigenvectors, indicated by the straight red and blue lines.

Transient breakthrough simulations for ethanol/1-propanol mixtures in a fixed bed adsorber packed

with SAPO-34 are shown in Figure S25c. The partial pressures of the feed mixture are p, = p, =500
kPa. Two sets of simulations were performed maintaining the ratio £,/D, = 300. For the two sets of
simulations D, / 77 =0.012,1.2 s'. We note that the separation performance is significantly improved
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when the diffusional influences are stronger (indicated by the solid black lines). This demonstrates that
synergistic adsorption/diffusion are beneficial to separations. A direct comparison with the breakthrough
experiments in Figure S24a is not possible because insufficient information is provided by Saint-Remi
et al.®! on the breakthrough tube dimensions, and operating conditions. There is however a qualitative

agreement between experiments and simulations.
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5.1 List of Tables for Adsorption/Diffusion of 1-alcohol mixtures in CHA zeolite

Table S5. Dual-site Langmuir-Freundlich parameters for pure ethanol and 1-propanol in CHA at 300

K. The fit parameters are based on the CBMC simulations of pure component isotherms presented in

earlier work.> Note that the saturation capacities are specified in molecules per cage; multiply these by

1.387 to obtain the values in mol per kg framework.

Site A Site B
®A,sat bA VA ®B,sat bB VB
molecules cage” | Pa™ molecules cage” | Pa™
ethanol 2 7.93%103 0.87 2 3.6%x103 1.14
1-propanol 1 1.28x102 1.8 1 9.11x1032 1
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5.2 List of Figures for Adsorption/Diffusion of 1-alcohol mixtures in CHA zeolite

CHA landscape

There are 6 cages per unit cell.
The volume of one CHA cage is
316.4 A3, slightly larger than that of
a single cage of DDR (278 A%), but
significantly lower than FAU (786
A3).

Snapshots

showin,

Snapshots
showing location
of CH,and CO,

Structural information from: C. Baerlocher, L.B.

McCusker, Database of Zeolite Structures,

International Zeolite Association, http://www.iza-
‘ structure.org/databases/

Figure S20. Pore landscapes and structural details for CHA zeolite.
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CHA window and pore dimensions

CHA

The window dimensions calculated using the van der
Waals diameter of framework atoms =2.7 A are
indicated above by the arrows.

CHA
alA 156.075
b /A 23.907
c/A 13.803
Cell volume / A3 4974.574
conversion factor for [molec/uc] to [mol per kg Framework] 0.2312
conversion factor for [molec/uc] to [kmol/m?] 0.8747
p [kgim3] 14441
MW unit cell [g/mol(framework)] 4326.106
¢, fractional pore volume 0.382
open space / A%uc 1898.4
Pore volume / cm®/g 0.264
Surface area /m2/g 758.0
DeLaunay diameter /A 3.77

Figure S21. Pore landscapes and structural details for CHA zeolite.
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Figure S22. (a) Snapshots showing the conformations of 1-alcohols in CHA at saturation conditions.
(b) CBMC simulations® of pure component adsorption isotherms for 1-alcohols in CHA at 300 K. (c)

Saturation capacities for adsorption of 1-alcohols in CHA at 300 K.
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Figure S23. CBMC mixture simulations for (a) methanol/ethanol, (b) ethanol/l1-propanol, (c)
ethanol/1-hexanol, (d) 1-butanol/1-pentanol, and (e) 1-butanol/I-hexanol mixtures in CHA at 300 K.
The partial fugacities in the bulk fluid phase are taken to be equal, i.e. fi=f2. The dashed lines represent
IAST calculations using the unary isotherm data are provided in Table S5. The range of liquid phase
operation is indicated by the shaded region; the transition between vapor and liquid bulk phase is

determined using the Peng-Robinson equation of state.
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Figure S24. (a, b) Transient breakthrough experimental data of Remy et al.®® for separation of

ethanol/1-propanol and ethanol/1-hexanol liquid mixtures in a fixed bed adsorber packed with SAPO-

34.
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Figure S25. (a, b) Experimental data of Saint-Remi et al.%! for transient uptake of ethanol/1-propanol

mixtures within SAPO-34 (indicated by symbols), that is the structural analog of CHA zeolite. The

continuous solid lines are uptake simulations. (c) Transient breakthrough simulations for ethanol/1-

propanol liquid mixtures in a fixed bed adsorber packed with SAPO-34.
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6 Separation of C:H2/CO; mixtures

Ethyne (C2H2) is an important building block in industrial chemical synthesis and also widely used as
a fuel in welding equipment. C2Hz is commonly manufactured by the partial combustion of CH4 or
comes from cracking of hydrocarbons. In the reactor product, C2Hz co-exists with CO2. Due to the
similarity of molecular sizes and shapes (C2Hz2: 3.32 x 3.34 x 5.7 A3; CO2: 3.18 x 3.33 x 5.36 A3), the
separation of C2H2/CO2 mixtures is particularly challenging;®* % both molecules possess zero dipole
moments and approximately the same quadrupole moment. Since the boiling points of C2Hz2 (189.3 K)
and CO2 (194.7 K) are close, distillation separations need to operate at cryogenic temperatures and high
pressures. For separation of C2H2(1)/CO2(2) mixtures, most of the suggested MOFs such as HOF-3,%
TIFSIX-2-Cu-i,* TIFSIX-2-Ni-i,%® UTSA-74,°” FJU-90,® FeNi-M’MOF,*” BSF-3,”° CPL-1-NH,"
ZNU-1, and Cu'@UiO-66-(COOH).” and are selective to C2Hz. Consequently, the desired ethyne
product can be recovered in the desorption cycle. MOFs that have adsorption selectivity in favor of CO2
include ZU-610a, ™ Ce(IV)-MIL-140-4F, 7 and Y-bptc’®. Figure S26a compares experimental data for
transient breakthroughs of 50/50 C2H2(1)/CO2(2) mixtures in ZU-610a, "* Ce(IV)-MIL-140-4F, 7° and

Y-bptc’® operating at 298 K, and total pressure pi = 100 kPa. The published experimental data for
p p g p p p

dimensionless concentrations at the exit of the adsorber, ¢ / G, , are plotted as a function of a modified

time parameter defined by Oyt / m,, . The relative productivity values for pure C2Hz are indicated by the

length of the arrows. This comparison shows that the best separation performance, in terms of C2Hz
productivity is afforded by the ultra-microporous Y-bptc;’® we examine further the good separation
performance of this MOF.

The unary isotherm data for the unary guests in Y-bptc are fitted with the 1-site Langmuir parameter
fits; the parameters are specified in Table S6.The adsorption selectivity S, =3.75, in favor of COz.

The experimental data on transient unary uptakes of C2Hz(1), and CO2(2) mixtures in Y-bptc as reported

1'76

in the paper by He et al.” at a total pressure is 100 kPa are presented in Figure S26b. We note that CO2
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attains equilibrium more rapidly than C:Ha2. We have synergy between adsorption and diffusion, both
favor COa2. Figure S26¢ compares the experimental breakthroughs for Y-bptc’® with simulations
ignoring diffusional influences. We note that the experiments show higher productivity for purified
C:2H2 than the simulations ignoring diffusional influences. We now quantify the adsorption-diffusion
synergy in Y-bptc.

Figure S27a presents calculations of the elements of the matrix of thermodynamic correction factors
as a function of total bulk gas pressure, p:, calculated using the mixed-gas Langmuir model for 50/50

C2H2(1)/CO2(2) mixtures adsorption in Y-bptc at 298 K. Figure S27b presents calculations of the ratios
[,/T,, I,,/T,, as a function of total bulk gas pressure, p, These calculations show that the off-

diagonal elements are significant fractions of the diagonal elements. Figure S27¢ shows simulations of

the transient uptake of unary guests CoHz(1) and CO2(2) for Y-bptc crystals exposed to bulk gas

pressures of 100 kPa. These unary uptake simulations, with Dl/ I”c2 = 425x10°° L, s, and with

D, / rc2 — 485x10™* s arein good agreement with the experimental data on unary uptakes presented
in Figure S26b. The diffusion selectivity, determined experimentally from unary uptakes,’
D, / D =114, also favors CO:x.

Figure S27d presents simulations of transient uptake of 50/50 C2Hz(1)/CO2(2) mixtures in Y-bptc
crystals operating at 298 K, and total pressure pt = 100 kPa. We note that there is an overshoot in the
loading of the more mobile COz as it approaches equilibrium.

Figure S28a shows transient breakthrough of 50/50 C:H2(1)/CO2(2) mixtures through fixed bed

adsorber packed with Y-bptc crystals operating at 298 K, and total pressure pt = 100 kPa. The

dimensionless concentrations at the exit of the adsorber, ¢ / G, , are plotted as a function of a modified
time parameter defined by Ot / m, . For the four sets of simulations B, / I’f =

4.25x107°,1.18x107°,4.72x107°,4.25x10™" !, maintaining the ratio bD,/D=114, as determined

experimentally’®. With lower values of the diffusional constants Dl/ 1”62 , Le. stronger diffusional
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influences, the breakthrough of the desired product C2Hz occurs earlier, resulting in higher productivity

of purified C2H2 per kg of adsorbent in bed. In Figure S28b, the productivities of 99%+pure C2Hz is
plotted as a function of B, / ’22 . We note that with decreasing D, / ’22 the C2H2 productivities increase
from 1.05 to 1.35 mol kg™

In the sets of breakthrough simulations in Figure S28c we maintain 191/ ’22 = 1.18x107° s!, with
varying ratios of diffusivities of COz to C2Ha: B, / D=200,114,50,10,2. We note that with increasing
values of D,/D,, the C2H> productivities increase from 0.1 to 1.35 mol kg''; see Figure S28d. We
conclude that both D, / If ,and D, / D, have a significant impact on the productivities of purified C2Ho.

From the breakthrough experiments of He et al., ”® for Y-bptc, with B/, =114, the C2H: productivity

is calculated to be 1.52 mol kg™!, in reasonable agreement with the simulations.
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6.1 List of Tables for Separation of C2H2/CO2 mixtures

Table S6. 1-site Langmuir parameters for C2H2 and CO2 in Y-bptc at 298 K. These parameters have

been fitted from the data scanned from Figure 2a of He et a

1.76

Do b
mol kg™ Pa’!
CH; 33 6.319E-06
CO, 33 2.374E-05
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6.2 List of Figures for Separation of C2H2/CO2 mixtures
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Figure S26. (a) Comparison of experimental data for transient breakthroughs of 50/50 C2H2(1)/CO2(2)

mixtures in ZU-610a, 7* Ce(IV)-MIL-140-4F, 7> and Y-bptc’® operating at 298 K, and total pressure p; =

100 kPa. The published experimental data for dimensionless concentrations at the exit of the adsorber,
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C / C,, , are plotted as a function of a modified time parameter defined by Ot / m . . (b) Transient unary

uptakes of C2Ha(1), and CO2(2) mixtures in Y-bptc; the total pressure is 100 kPa. (¢) Comparison of

experimental breakthroughs for Y-bptc’® with simulations ignoring diffusional influences.
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C2H2(1)/CO2(2) mixtures in Y-bptc crystals operating at 298 K, and total pressure pt = 100 kPa.
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Figure S28. (a, b, ¢, d) Transient breakthrough of 50/50 C2H2(1)/CO2(2) mixtures through fixed bed

adsorber packed with Y-bptc crystals operating at 298 K, and total pressure pt = 100 kPa. In the sets of

simulations in (a, b): B, / rcz = 4.25%10°,1.18x10°,4.72x10°,4.25x10™* s”!, maintaining the ratio
B,/D=114. In the sets of simulations in (c, d): Bl/lfc2 = 1.18x107° s, and the ratio
D, / D,=200,114,50,10,2 . In (a, c), the dimensionless concentrations at the exit of the adsorber, ¢, / Co s
are plotted as a function of a modified time parameter defined by Oyt / m, . In (b, d), the C2Hz

productivities are plotted as a function of (b) D, / rcz ,and (d) D, / D,.
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7 Separation of CO2/C2Hs mixtures with DDR zeolite

DDR consists of cages of 277.8 A® volume, separated by 3.65 A x 4.37 A 8-ring windows; the pore
landscapes and structural details are provided in Figure S29, and Figure S30. The guest molecules jump
one-at-a-time across the narrow 8-ring windows. Consequently, correlation effects are of negligible
importance; the intra-crystalline fluxes Ni, in turn, are related to the radial gradients in the molar
loadings by Eq (S20).

Watch also the video presentation titled Diffusion in DDR Zeolite on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

7.1 Transient CO2/C2Hs mixture uptake in DDR zeolite

177 178

Binder et al.”” and Lauerer et al.”® report a set of three mixture uptake experiments with 1:1, 2:1, and
3:1 partial pressure ratios for COz and C2Hs in the gas phase.

Experiment 1: 1:1 CO2(1)/C2Hs(2) bulk gas mixture at 298 K, p1 = 20 kPa, p> = 20 kPa.

Experiment 2: 2:1 CO2(1)/C2Hs(2) bulk gas mixture at 298 K, p1 = 40 kPa, p> = 20 kPa.

Experiment 3: 3:1 CO2(1)/C2Hs(2) bulk gas mixture at 298 K, p1 = 60 kPa, p> = 20 kPa.

The data on the unary isotherms of CO2 and C2Hs at 298 K are provided in Figure 36, Chapter 4 of the
PhD dissertation of Binder.” The unary isotherms for both CO2, and C2Hs can be described adequately

by a single-site Langmuir isotherm

q _ GisuiP: (559)
" 1+bp,

The single-site Langmuir parameters are provided in Table S7. Figure S32a provides a comparison of
unary isotherm data with single-site Langmuir fits using the parameters reported in Table S7. The fits

are of good accuracy.
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Figure 3 of Binder et al.”” presents IAST calculations for binary mixture adsorption with constant CO>
partial pressures of p1 = 20, 40, and 60 kPa for experiments (1), (2), and (3), respectively. The partial

1_77

pressures of C2He ethane in the gas phase is varied. The IAST calculations of Binder et al.”” are shown

as symbols in Figure S32b. For the conditions of the Binder/Lauerer experiments,’” 78

a good prediction
of the mixture adsorption equilibrium is also provided by the mixed-gas Langmuir model. To
demonstrate this, the calculations using the mixed-gas Langmuir model, eq (S7) are presented as the
continuous solid lines in Figure S32b. For the range of experiments, the mixed-gas Langmuir model is
in very good agreement with IAST calculations.

Since we have established the accuracy of the mixed-gas Langmuir model to describe CO2/C2Hs
mixture adsorption equilibrium in DDR, Figure S32c,d,e presents the calculations using (S8) for the
elements of the matrix of thermodynamic correction factors I'j;, using expressed as a function of total
mixture loading, g, for (c) 1:1, (d) 2:1, and (e) 3:1 ratios of partial pressures in the gas phase. In these
calculations the total gas pressure, pt, was varied from 1 to 100 kPa. The off-diagonal elements I"12, and
I"21 become increasingly important with increasing loadings. This implies that thermodynamic coupling
effects are of particular importance for the uptake of CO2(1) from CO2(1)/C2He(2) gas mixtures.

Both of the guest molecules CO2, and C2He¢ jump length-wise across the 8-ring windows of DDR

zeolite. The cross-sectional dimension of CO2 is smaller than that of C2He (see Figure S31), and

therefore the intra-crystalline M-S diffusivity of CO2 is significantly higher than that of C2He. The
diffusivity input values of D, / I”C2 ,and D, / rcz are taken from earlier work®:

Experiment 1: B, /r? =0.125s";  D,/r? =9.38x10” s'; B,/P,=1333.

Experiment 2: B,/r? =9375x10° s'; B, /r’ =9.38x10° s'; B,/P,=100.

Experiment 3: B,/r? =6.25x10° s';  B,/r’ =125x10" s";  B,/D,=50.

Figure S33(a,b,c) show the experimental data of Binder et al.”” and Lauerer et al.”® (indicated by
symbols) for spatial-averaged transient uptake of (a) 20/20 (b) 40/40, and (c) 60/20 CO2(1)/C2Hs¢(2) gas

mixtures within crystals of DDR zeolite at 298 K. The continuous solid lines are simulations of the
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transient uptake using the flux relations (S20). The Maxwell-Stefan model captures the overshoots in
CO2 loadings with good accuracy for all three cases. The overshoots in the CO: uptake signal the
phenomenon of uphill diffusion, engendered by thermodynamic coupling.® * In order to confirm that

thermodynamic coupling effects are responsible for the overshoots, we also performed transient uptake

in which the thermodynamic correction factors are assumed to be described by I'; = é‘lj , the Kronecker

delta. The dashed lines in Figure S33(a,b,c) represent the simulation results based on Eq (S22); with
this simplified model, no overshoots in the CO2 uptake are experienced. An important consequence of
thermodynamic coupling effects is that supraequilibrium loadings of CO: are realized during the early
transience. We now investigate the consequence of thermodynamic coupling and uphill diffusion on

CO2/C2Hes mixture separations in a fixed bed adsorber packed with DDR adsorbent.

7.2 Analysis of CO2/C;Hg uptake using eigenvalues and eigenvectors

We now proceed to analyze the three sets of experimental data in more detail in order to gain more
fundamental insights.

For 20/20 CO2(1)/C2He(2) gas mixtures within crystals of DDR zeolite at 298 K, at a total pressure

r r . .
p. = p, + p, =40 kPa, the elements of the [I'] are { ! 12} = F 208 0.324

} . The Fick diffusivity

r, T,| |0849 232
Dll D12
o D, D, 1510 404.44 w4
matrix is calculated to be =————= x10 S .
I 0.796 2.175

In Figure S34b the component loadings of CO2(1), and C2He(2) are plotted in composition space, with
C:2Hs loadings on the x-axis. We note that the equilibration trajectory is not monotonous and follows a

serpentine trajectory. In order to appreciate the fundamentals that underlie this serpentine trajectory we
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1 1
plot the two eigenvectors of [D]: (61)= D, -4 |and (82)= D, where the two
D, Dzz_/iz

eigenvalues are £2:1510><1041 S_l;%=1.962><10_4 s
Fe T.

During the initial transience, the equilibration trajectory is dictated by the fast eigenvector, indicated

by the red line in Figure S34b

Dn _/11 (

4 —4) (S56)
1)12 1 10

(%_‘bo):_

As equilibrium is approached, the equilibration trajectory follows the path dictated by the slow

eigenvector, indicated by the blue line in Figure S34b

(9,-45)=- Du (¢.-a) (S57)

Dzz _/12

The experimental data on the equilibration trajectory lies within the two bounds dictated by the two
eigenvectors.

The pseudo-component loadings [P]_l(q)z(qq) follow monotonous paths to equilibrium; each

pseudo-component relaxes with the corresponding eigenvalues 2, and 4, .

(44, ~90:0)=0,(94 ~q90): 0 ==

T

s

1 At .
lWexp[—mz;rz —’2}, i=12 (S58)

3
I

The transient equilibration of the pseudo component loadings are plotted in Figure S34c¢; note that the
pseudo loading of C2Hs, ¢4, is negative. In pseudo composition space, the pseudo component loadings
follow a monotonous approach to equilibrium; see Figure S34d.

Figure S35a,b,c,d presents the corresponding results for 40/20 CO2(1)/C2H¢(2) gas mixtures within

crystals of DDR zeolite at 298 K, at a total pressure p, = p, + p, = 60 kPa. The elements of the [F] are

[rn r,z} _ [1.416 0.647

. The Fick diffusivity matrix is  calculated to  be
r,, I, 0.849 2.32
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Dll D12
D, D, {132.75 60.667}(104 o

The two eigenvalues are

P 0.796 2.175

c

RS

1=133.119x10™* s'l;ﬁ2=1.806><10*1 s,
Te Te
Figure S36a,b,c,d presents the corresponding results for 60/20 CO2(1)/C2H¢(2) gas mixtures within

crystals of DDR zeolite at 298 K, at a total pressure p, = p, + p, = 80 kPa. The elements of the [I'] are

[r“ F”}:[l'&“ 0'971] The  Fick  diffusivity = matrix is  calculated to  be

r, T, 0.849 2.32
Dll D12
D, D, 101.5 60.667 a4 .
== == = 1061 2.9 x10 s . The two eigenvalues are
v . .

|-~

1 102.148%10° 1722225010 s,
v I

c

7.3 Separating CO2/C,Hs mixtures in fixed bed adsorber packed with DDR zeolite

The separation of CO2/C2Hs is relevant in the context of natural gas processing. Current technologies
for CO2/C2Hs separations use extractive distillation because of CO2/C2Hs azeotrope formation.®!
Another alternative is to combine distillation technology with membrane separations; for this purpose
cross-linked polyethylene oxide (XLPEO) membranes have demonstrated to have good separation
potential.> % 83 The Binder/Lauerer uptake experiments suggest the possibility of diffusion-selective
purification of ethane by selective removal of CO2 present as impurities in mixtures with ethane.

To demonstrate the concept of diffusion-selective separations, we carried out transient breakthrough
simulations in a fixed bed adsorber packed with crystallites of DDR.

Figure S37a shows the transient breakthrough of 50/50 CO2(1)/C2He(2) mixtures through fixed bed
adsorber packed with DDR crystals operating at 298 K, and total pressure p: = 40 kPa. In the two sets of

simulations the ratio p, /P, =1333, as determined experimentally in Figure S33a. Two different values
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of the diffusional time constants were chosen 191/ 7;2 = 1.25x107,0.5 s, For the case in which

diffusional influences are of diminished significance, D, / ’22 = 0.5 s, the separation selectivity favors

C2Hs because of mixture adsorption equilibrium; in this case CO: exits the bed earlier. This is

undesirable from the viewpoint of natural gas processing because we need to recover C2Hg as raffinate.
With significantly stronger diffusional influences, choosing B, / ¥’ =125x107 s, uphill diffusion of

COz ensures that it enters the pores preferentially while C2Hs is rejected into the gas phase as raffinate,
as is desired in practice. The stronger antisynergy between adsorption and diffusion serves to reverse

the selectivity in favor of COo.

7.4 Separating CO,/CH4 mixtures in fixed bed adsorber packed with DDR zeolite

DDR zeolite is a potent adsorbent for capture of CO2 from CO2/CH4 mixtures. Figure S37b shows the
transient breakthrough of 20/80 CO2(1)/CH4(2) mixtures through fixed bed adsorber packed with DDR
crystals operating at 298 K, and total pressure pt = 100 kPa. For this separation, there is synergy

between adsorption and diffusion; both favor COz. In the two sets of simulations the ratio p, /b,=100.

Two different values of the diffusional time constants were chosen D), / I’f = 2x1072,2 s In the two

sets of simulations the ratio p, /p,=100. For the case in which diffusional influences are of diminished

significance, B, / ’22 = 2 57!, the productivity of purified CHa is lower.

7.5 Separating CO,/C,Hs/CH4 mixtures in fixed bed adsorber packed with DDR

zeolite

Figure S37c¢ shows the transient breakthrough of 20/20/60 CO2(1)/C2Hs(2)/CH4(3) mixtures through
fixed bed adsorber packed with DDR crystals operating at 298 K, and total pressure p: = 100 kPa. For
separation of this ternary mixture, both synergistic and antisynergistic influences of diffusion are in
play. The net result is that both C2He(2), and CH4(3) can be rejected into the gas phase and recovered

during the adsorption cycl.e
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7.7 List of Tables for Separation of CO2/C2H6 mixtures with DDR zeolite

Table S7. 1-site Langmuir parameters for CO2 and C2He in DDR zeolite at 298 K. These parameters

have been fitted from the data scanned from Figure 36, Chapter 4 of the PhD dissertation of Binder.”

The unary isotherm fit for CH4 in DDR zeolite at 298 K is based on CBMC simulation data from

Krishna and van Baten.®*

Do b
mol kg™ Pa’!
CO; 2.8 1.04E-05
C>Hse 1.8 6.6E-05
CH4 2.8 2.0E-06
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7.8 List of Figures for Separation of CO2/C2H6 mixtures with DDR zeolite

Y I

g

)

Figure S29. Pore landscape of all-silica DDR zeolite.

DDR landscape

To convert from molecules per unit cell to mol kg', multiply by 0.06936.
The pore volume is 0.182 cm?¥g.

There are 12 cages per unit cell.

The volume of one DDR cage is

278 A3, significantly smaller than
that of a single cage of FAU (786
A3), or ZIF-8 (1168 A3).

Structural information from: C. Baerlocher, L.B. McCusker,
P, Database of Zeolite Structures, International Zeolite
- Association, http://www.iza-structure.org/databases/
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DDR window and pore dimensions

DDR

The window dimensions calculated using the van
der Waals diameter of framework atoms = 2.7 A
are indicated above by the arrows.

DDR
alA 24.006
b /A 13.86
c/A 40.892
Cell volume / A3 13605.72
conversion factor for [molec/uc] to [mol per kg Framework] 0.0693
conversion factor for [molec/uc] to [kmol/m?] 0.4981
p [kgim3] 1759.991
MW unit cell [g/mol(framework)] 14420.35
¢, fractional pore volume 0.245
open space / A3uc 3333.5
Pore volume / cm3/g 0.139
Surface area /m2/g 350.0
DeLaunay diameter /A 3.65

Figure S30. Structural details of all-silica DDR zeolite.
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C,Hs

Cco,

5.35 A

3.03A

4.82 A 408 A

Figure S31. Molecular dimensions of CO2 and C:He. The molecular dimensions of C:He are taken

from Lin et al.%
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Figure S32. (a) Comparison of unary isotherm data with single-site Langmuir fits using the
parameters reported in Table S7. (b) The symbols are scanned from Figure 3 of Binder et al;”’ they
represent IAST calculations for binary CO2 (1)/C2He¢(2) mixture adsorption in DDR crystals with
constant COz partial pressures of p1 = 20, 40, and 60 kPa for experiments 1, 2, and 3, respectively. The
partial pressures of C:He ethane in the gas phase is varied. The continuous solid lines are our
calculations using mixed-gas Langmuir model using the single-site Langmuir parameters reported in in
Table S7. (c, d, e) Elements of the matrix of thermodynamic correction factors I'jj as a function of total
mixture loading, gt, calculated using the mixed-gas Langmuir model for binary CO2(1)/C2He(2) mixture

adsorption in DDR for (c) 20/20 (d) 40/20, and (e) 60/20 ratios of partial pressures in the gas phase.
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Figure S33. (a, b, ¢) Experimental data of Binder et al.”” and Lauerer et al.”® (indicated by symbols)
for spatial-averaged transient uptake of (a) 20/20 (b) 40/20, and (c) 60/20 CO2(1)/C2Hs(2) gas mixtures
within crystals of DDR zeolite at 298 K. The continuous solid lines are Maxwell-Stefan model

simulations based on Eq (S20). The dashed lines are the simulations based on Eq (S22), in which the

thermodynamic correction factors are assumed to be described by I'; = 0, , the Kronecker delta.
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Figure S34. (a) Experimental data of Binder et al.”’ and Lauerer et al.”® (indicated by symbols) for

spatial-averaged transient uptake of 20/20 CO2(1)/C2He(2) gas mixtures within crystals of DDR zeolite

at 298 K. (b) Component loadings plotted in composition space. (c¢) Transient equilibration of pseudo

component loadings. (d) Pseudo component loading plotted in pseudo composition space.
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Figure S35. (a) Experimental data of Binder et al.”’ and Lauerer et al.”® (indicated by symbols) for
spatial-averaged transient uptake of 40/20 CO2(1)/C2He(2) gas mixtures within crystals of DDR zeolite
at 298 K. (b) Component loadings plotted in composition space. (¢) Transient equilibration of pseudo

component loadings. (d) Pseudo component loading plotted in pseudo composition space.
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Figure S36. (a) Experimental data of Binder et al.”” and Lauerer et al.”® (indicated by symbols) for

spatial-averaged transient uptake of 60/20 CO2(1)/C2He(2) gas mixtures within crystals of DDR zeolite

at 298 K. (b) Component loadings plotted in composition space. (c) Transient equilibration of pseudo

component loadings. (d) Pseudo component loading plotted in pseudo composition space.
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Figure S37. (a) Transient breakthrough of 50/50 CO2(1)/C2Hs(2) mixtures through fixed bed adsorber
packed with DDR crystals operating at 298 K, and total pressure pt = 40 kPa. The dimensionless
concentrations at the exit of the adsorber, ¢, /c,, , are plotted as a function of a modified time parameter
defined by Q,¢/m,,, . For the two sets of simulations &) / r’ =1.25x107,0.5 s, maintaining the ratio
b,/P,=1333. (b) Transient breakthrough of 20/80 CO2(1)/CH4(2) mixtures through fixed bed adsorber

packed with DDR crystals operating at 298 K, and total pressure pt+ = 100 kPa. (c¢) Transient
breakthrough of 20/20/60 COz2(1)/ C2Hs(2)/CHa4(3) mixtures through fixed bed adsorber packed with

DDR crystals operating at 298 K, and total pressure pt = 100 kPa.
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8 Nitrogen Capture from Natural Gas Streams

Natural gas reserves often contain up to 20% Ngz; reduction to values below 4% is required for
meeting pipeline specifications.*® Cryogenic distillation is the economic choice for large capacity wells
but for smaller natural gas reserves, PSA separations become more cost-effective, especially because the
feed mixtures are available at high pressures.®® 87 The adsorbent materials in PSA units need to be
selective to N2, but for most available adsorbents, the adsorption selectivity is in favor of CHa4 due to its

higher polarizability.

8.1 N»/CHj,4 separations with LTA-4A zeolite

The earliest study demonstrating the possibility of using LTA-4A zeolite, utilizing diffusion
selectivities for separating N2(1)/CHa4(2) mixtures is contained in the classic paper of Habgood.!” LTA-
4A zeolite (also called 4A or NaA zeolite) contains extra-framework cations (containing 96Si, 96 Al, 96
Na* per unit cell; Si/Al=1). LTA-4A zeolite consists of cages of 743 A3 volume, separated by 4.11 A x
4.47 A 8-ring windows. The pore landscape and structural details of LTA-4A zeolite are provided in
Figure S38. The Na' cations partially block the window sites, leading to low magnitudes of guest
diffusivities. The partial blocking of the windows enhances efficacy of kinetic separations, because it
significantly enhances the ratio of the diffusivities of mobile and tardier species. Molecules jump one-
at-a-time across the windows of LTA-4A. Extensive Molecular Dynamics (MD) simulations have
confirmed that correlation effects are of negligible importance for mixture diffusion across cage-type
zeolites such as CHA, LTA, DDR, ERI that consist of cages separated by windows in the 3.4 A —4.2 A
size range." > ¥ 1® Consequently, the appropriate flux description is provided by eq (S20).

Habgood!” performed experimental data on transient uptake of N2(1)/CH4(2) mixtures in crystallites
of LTA-4A; the data measured at 194 K with partial pressures p1 =50.9 kPa; p> = 49.1 kPa are shown in

Figure S39a.The experimental data on the spatial averaged component loadings are plotted as a function

of the Fourier number, Bll/ ’22- Nitrogen is a “pencil-like” molecule (4.4 A x 3.3 A) that can hop
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length-wise across the narrow windows; see computational snapshots in Figure S40. The “spherical”
CHa (3.7 A) is much more severely constrained and has a diffusivity that is 21.7 times lower than that of
Na2. The adsorption strength of CHa, as reflected in the Langmuir “b” parameter, is higher than that of N2
by a factor 2.2; see unary isotherm data fits in Table S8. The N2(1)/CH4(2) mixture constitutes a
combination of more-mobile-less-strongly-adsorbed-N2 and tardier-more-strongly-adsorbed-CHa.
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 in both the experimental campaigns.

For video animations of the jumping of nitrogen and methane across the narrow windows of LTA-4A,
watch N2/CH4 Separations with LTA-4A on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

The black lines in Figure S39a are Maxwell-Stefan model simulations based are simulations based on

eq  (S21). The  Maxwell-Stefan  diffusivities used in  the simulations are:
D, /}fc2:1.56><10_5 s'; B/P,=21.7; these values based on the diffusivity data provided by
Habgood.!” The blue lines are the simulations based on eq (S22), in which the thermodynamic

correction factors are assumed to be described by FU = 0., the Kronecker delta; in this scenario, no N2

i
overshoot is experienced. We conclude that the overshoots in the N2 uptake, that signal the phenomenon

12,41 ;

of uphill diffusion, is engendered by thermodynamic coupling effects.

Figure S39b is a plot of the transient uptake selectivity, defined by M as a function of /z .
Pro/ Py

4./%

. From the
Pio / Dy

As t — o, the uptake selectivity will approach the value of the adsorption selectivity

unary Langmuir isotherm parameters in Table S8, we calculate the equilibrium adsorption selectivity

* * b
611_/6]2 = L =0.451. Readers should note that the ratio b_l should be replaced by the ratio of Henry

plO/p20 b, p)

S92



qsat,l bl

constants, —-, in case the saturation capacities of components 1 and 2 are unequal. At short

contact times, the transient uptake selectivity is strongly in favor of the more mobile nitrogen. If
thermodynamic coupling effects are ignored, and the Maxwell-Stefan diffusivities are assumed to be
independent of loading, the following simplified expression can be derived for the transient uptake

selectivity as the product of the adsorption equilibrium selectivity and the diffusion selectivity?! 88

7,(0/q,(1) _ b (B,

(S59)
Pio/ Pao b, \ D,
: bl : a1 bl .
Readers should note that the ratio — should be replaced by the ratio of Henry constants, ———, in
2 qsat,Z 2

case the saturation capacities of components 1 and 2 are unequal. We note that the uptake selectivity in

favor of nitrogen is significantly enhanced due to the influence of I'; .

Based on his experimental results for transient uptake, Habgood filed a patent claiming that natural
gas could be upgraded by removing the faster diffusing nitrogen using 4A zeolite and a kinetically
controlled separation process at sub-ambient temperatures. We now investigate the consequence of
thermodynamic coupling and uphill diffusion on N2(1)/CH4(2) mixture separations in a fixed bed

adsorber packed with LTA-4A adsorbent.

8.2 Analysis of N2/CH4 uptake using eigenvalues and eigenvectors

For 40.9/49.1 N2(1)/CH4(2) gas mixtures within crystals of LTA-4a zeolite at 194 K, at a total

r

pressure p, = p, + p, = 100 kPa, the elements of the [F] are [F

. rn}_{s.ms 4.785

= . The Fick
T 10.213 11.213

21 22

2
re

Dl 1 D12

o o D, D, 90.24 74.64 PR

diffusivity matrix is calculated to be =—————= x10™ s .
7.353 8.073

In Figure S41b the component loadings of N2(1), and CH4(2) are plotted in composition space, with

CHa loadings on the x-axis. We note that the equilibration trajectory is not monotonous and follows a
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serpentine trajectory. In order to appreciate the fundamentals that underlie this serpentine trajectory we

1 1
plot the two eigenvectors of [D]: (el)= D,-4 | and (62)= D, where the two
D, Dzz_ﬂz

eigenvalues are iz =96.45%x10"° s'l;é2 =1.863x10° s,

e Te
During the initial transience, the equilibration trajectory is dictated by the fast eigenvector, indicated

by the red line in Figure S41b

Dn _/11 (
D12

(qz _qzo) == q, _%o) (S60)

As equilibrium is approached, the equilibration trajectory follows the path dictated by the slow

eigenvector, indicated by the blue line in Figure S41b

(‘b —Q§)=—DD—2_122(% —611*) (S61)

22
The experimental data on the equilibration trajectory lies within the two bounds dictated by the two

eigenvectors.

The pseudo-component loadings [P]_l(q)z(qq) follow monotonous paths to equilibrium; each

pseudo-component relaxes with the corresponding eigenvalues 2 and 4, .

(99, —49:(0)) =0, (99, — 94, ); © =ii [ ? ’:’f}; i=1,2 (S62)

The transient equilibration of the pseudo component loadings are plotted in Figure S41c; note that the

pseudo loading of CHa, ¢¢, is negative. In pseudo composition space, the pseudo component loadings

follow a monotonous approach to equilibrium; see Figure S41d.

8.3 Influence of temperature on Kinetic N2/CH4 separations

The experimental data and simulations presented in the foregoing section was for a temperature of

194 K. We know examine the influence of increasing temperature on separations of 20/80 N2(1)/CHa(2)
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mixtures using LTA-4A. The unary isotherm data at 194 K and 273 K from the paper by Habgood, !’

combined with the unary isotherm data of Wilkins and Rajendran,®® measured at 303 K, 323 K, and 343

b E
K were fitted with the temperature-dependent 1-site Langmuir model ¢ =M; b=>b,exp (Ej

1+b,p

The fit parameters are provided in Table S9. The goodness of the combined fits is demonstrated in

Figure S44 in which the component loadings are plotted against the surface potential

P
D= zA _ I Mdf =q,, In(1+bP); for details of the concept of surface potential refer to Krishna

RT 72, f
and van Baten 3
The diffusivity data for N2(1) and CH4(2) in LTA-4A are reported by Habgood'” and Wilkins and

9

Rajendran,®® for a range of temperatures; the combined data set may be fitted with

D,/r’ = A exp(~E,/RT); D,/r’ = A, exp(~E,/RT) with 4, =38.15 s'; E =20.86 kJmol" for
N2and 4,=6418 s'; E,=22.93 kJmol" for CHa.

With the 7-dependent fits of unary isotherms, and diffusivities we can determine (a) adsorption

b D,
selectivity, —, (b) diffusion selectivity, —, and (c) kinetic selectivity, b B . These data are plotted
> b D b\ D
2

2 2 2

in Figure S45 (see left y-axis values). We note that all three selectivities decrease, albeit slightly with

increasing temperatures. Also plotted on the right y-axes in Figure S45 are the values of D, / I”C2 . We

note there is a significant increase in B,/ with increasing T , implying that the severity of diffusion
g 1/ e g plymg y

influences diminishes at higher temperature. Indeed, kinetic separations with LTA-4A are not realizable
at temperatures in excess of about 220 K.

Another material that affords kinetic separations of N2(1)/CH4(2) mixtures Ba-RPZ (= Ba exchanged
reduced pore Zorite); the unary data on isotherms and diffusivities are presented by Wilkins and

9

Rajendran.*® The unary isotherm data of Wilkins and Rajendran,® measured at three different

temperatures may be fitted with the temperature-dependent 1-site Langmuir model
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E
qg=—"—; b=b, exp(ﬁ]. The fit parameters are provided in Table S10. The goodness of the

combined fits is demonstrated in Figure S46 in which the component loadings are plotted against the

P
surface potential @ = % = J' %f)df =g, In(1+bP); for details of the concept of surface potential
1=0

refer to Krishna and van Baten.?*

The diffusivity data for N2(1) and CH4(2) in Ba-RPZ are reported by Wilkins and Rajendran,* for a

range of temperatures; the data set were fitted with

D,/r} = A exp(~E,/RT); D,/r’ =4, exp(~E,/RT) with 4, =536.6 s'; E =2577 kImol" for
N2and 4,=4.498 s'; E,=30.46 kJmol" for CHa.

With the 7-dependent fits of unary isotherms, and diffusivities we can determine (a) adsorption

2 2 2

b D,
selectivity, b—l, (b) diffusion selectivity, 31, and (c) kinetic selectivity, Z—l f% . These data are plotted
2

in Figure S47 (see left y-axis values). We note that all three selectivities decrease with increasing

temperatures. Also plotted on the right y-axes in Figure S47b are the values of D, / 71,2 . We note there is a

significant increase in B, / I’C2 with increasing 7, implying that the severity of diffusion influences

diminishes at higher temperature. Kinetic separations with Ba-RPZ are not realizable at temperatures in
excess of about 273 K.

Figure S48a shows the transient uptake of 20/80 N2(1)/CHa4(2) mixture in Ba-RPZ crystals operating
at 273 K, and total pressure p: = 100 kPa. The overshoot in the N2 loading signifies uphill diffusion. In
Figure S48b, the component loadings plotted in composition space. The serpentine equilibration
trajectory determined using the Maxwell-Stefan diffusion model (solid black lines) is dictated by the
fast and slow eigenvectors, as indicated, respectively, by the red and blue lines.

Watch also N2/CH4 Separations with Ba-RPZ on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos
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8.4 Separation of N2/CH4 mixtures in fixed bed adsorber

Let us analyze the separations of 20/80 N2(1)/CHa4(2) mixtures in a fixed bed adsorber using LTA-4A

zeolite operating at a total pressure of 100 kPa, and 7'= 194 K. Figure S42a presents calculations of the

elements of the matrix of thermodynamic correction factors I'; as a function of total bulk gas pressure,

P, calculated using the mixed-gas Langmuir model for 20/80 N2(1)/CH4(2) mixtures in LTA-4A zeolite
at 194 K. Figure S42b presents calculations of the ratios I',/T",;,I,,/T’,, as a function of total bulk gas

pressure, pr, Thermodynamic coupling effects are of significant importance, and therefore should be
expected to influence transient breakthroughs in fixed-bed adsorbers.

Figure S43a show the transient breakthrough simulations for 20/80 N2(1)/CHa4(2) mixtures through
fixed bed adsorber packed with LTA-4A crystals operating at 194 K, and total pressure pt = 100 kPa.

where Qo is the volumetric flow

The y-axis is the % CHa at the adsorber outlet. The x-axis is Q.¢/m,,, »
rate of the gas mixture at the inlet to the fixed bed at actual temperature and pressure conditions. The

continuous black lines are simulations taking due account of intra-crystalline diffusion using eq (S21)
with parameters: B, / 1’ =156x10"s"; D/P,=21.7. The blue lines are the corresponding
simulations based on eq (S22), in which the thermodynamic correction factors are assumed to be

described by I'; = 0, , the Kronecker delta. For the target CHa purity of say 96% we can determine the

i
moles of 96%+ pure CH4 produced from a material balance on the adsorber. Expressed per kg of LTA-
4A zeolite in the packed bed, the respective productivities are 0.93 and 0.11 mol kg!, with 96%+ purity.
Ignoring thermodynamic coupling effects severely underestimates the CH4 productivity

Having estr,/r,,, I',,/T,, ablished the importance of including the thermodynamic correction

11°
factors in PSA simulations, we proceed to examine the influence of the severity of diffusional
limitations. Figure S43b compares the transient breakthrough simulations for 20/80 N2(1)/CHa(2)

mixtures through fixed bed adsorber packed with LTA-4A for two different scenarios:
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D /7 =156x10"s"; B/r’ =6.09x10°s"; for both scenarios we maintain b,/b,=21.7, and
include the thermodynamic coupling influences. Expressed per kg of LTA-4A zeolite in the packed
bed, the respective productivities are 0.93 and 1.62 mol kg™! mol kg!, with 96%+ purity. More severe
diffusional limitations, signified by lower value of D, / ch results in higher CHa productivity. Indeed, if
the diffusional severity is diminished, kinetic separations are not achievable.

In Figure S43c,d the same sets of data in Figure S43a,b are plotted using the dimensionless

concentrations in the gas phase exiting the adsorber, ¢, /c,, , as y-axes.

8.5 N2/CHj4 separations with Ba-ETS-4

Ba-ETS-4 (ETS = Engelhard Titano-silicate; ETS-4 is also named as CTS-1 = Contracted Titano
Silicate -1) with pore size = 3.7 A effectively exclude the spherical CH4 molecule (3.7 A) while
allowing entry for the pencil-like nitrogen molecule (4.4 A x 3.3 A).!7- 8. 8% 90. 91 The process

background is described in detail by Bhadra and Farooq.3% °?

Watch also N2/CH4 Separations with Ba-ETS-4 on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

The transient uptake data of Majumdar et al.® for Ba-ETS-4 are shown in Figure S49a,b for (a) 10/90,
and (b) 50/50 mixtures show overshoots in the uptake of the more mobile N2. To confirm these
overshoots, we performed transient uptake simulations using the isotherm parameters reported in the
thesis of Bhadra;’* see Table S11. Figure S50a,b presents simulation of transient uptake of 20/80
N2(1)/CH4(2) mixture inside crystallite of Ba-ETS-4. The input data on isotherms are taken from Table

3.2 of the PhD thesis of Bhadra.”> The Maxwell-Stefan diffusivities used in the simulations are:

D, / rcz =2.8x107s"; b, /P, = 4180, The surrounding bulk gas mixture is at 283 K, and total pressure

pt= 1 MPa. The x-axes represent the Fourier number 1912‘/ 7”02 . The black lines are simulations based on
eq (S21). The blue lines are the simulations based on eq (S22), in which the thermodynamic correction

factors are described by Fy =0, , the Kronecker delta. Inclusion of thermodynamic coupling effects

ij
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causes uphill diffusion of N2, resulting in significantly enhanced N2/CH4 uptake selectivities during the
early stages of transience.

Let us analyze the separations of 20/80 N2(1)/CHa4(2) mixture in fixed bed adsorber packed with Ba-
ETS-4, operating at 283 K, and total pressure pt = 1 MPa. Figure S51a,b presents simulation results for
transient breakthroughs; the black lines are simulations based on eq (S21). The blue lines are the

simulations based on eq (S22) in which the thermodynamic correction factors are assumed to be

described by T'; =

ij

the Kronecker delta. For the target CHa purity of say 96% we can determine the

moles of 96%+ pure CH4 produced from a material balance on the adsorber. Expressed per kg of Ba-
ETS-4 in the packed bed, the respective productivities are 3.06 and 1.11 mol kg'. Ignoring

thermodynamic coupling effects severely underestimates the CHs productivity.

S99



8.6 List of Tables for Nitrogen Capture from Natural Gas Streams

Table S8. 1-site Langmuir parameters for N2 and CH4 in LTA-4A zeolite at 194 K. These parameters

have been fitted from the isotherm data scanned from the paper by Habgood'”

Dsar b
molkg” | pa’!
N2 3.6 9.403E-05
CHa 3.6 2.084E-04
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Table S9. Temperature-dependent 1-site Langmuir parameter fits for N2 and CHs in LTA-4A zeolite.

E
—4—=: b=p, exp(ﬁj. These parameters have been fitted from the isotherm data at 194 K

and 273 K from the paper by Habgood,!” combined with the unary isotherm data of Wilkins and

Rajendran,®® measured at 303 K, 323 K, and 343 K. For CHa, the Configurational-Bias Monte Carlo

(CBMC) data are also included in the fits.

qsat bO E
mol kg™ Pa’ kJ mol
N2 3.6 4.101E-10 | 19.9
CH4 3.6 8.145E-10 | 20
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Table S10. Temperature-dependent 1-site Langmuir parameter fits for N2 and CH4 in Ba-RPZ.

E
q=—"—; b=b,exp (Ej These parameters have been fitted using the unary isotherm data of

Wilkins and Rajendran,® measured at three different temperatures.

Site A
Do by E
mol kg™ Pa’ kJ mol
N2 0.8 5.125E-10 | 25.5
CH4 0.8 5.309E-09 | 22.2
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Table S11. Langmuir parameters for adsorption of CH4, and N2 in Ba-ETS-4 at 283.15 K. The
isotherm parameters are taken from Table 3 of Majumdar et al.®%, and Table 3.2 of the Ph.D. dissertation
of Bhadra.”? The cited parameters are converted to the units that are consistent with the other data

presented in our article. For conversion purposes, we use the framework density for BaETS-4 of 1720

kg m>.
Da b
molkg” | pa’
N2 1.4 9.02E-06
CH4 0.5 9.339E-06
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8.7 List of Figures for Nitrogen Capture from Natural Gas Streams

LTA-4A Nar

4.1 A windows partially
blocked by Na+ cations

° \
alA 24555
b /A 24555
c/A 24555
Cell volume / A3 14805.39
conversion factor for [molec/uc] to [mol per kg Framework] 0.0733
conversion factor for [molec/uc] to [kmol/m?3] 0.2991
I—TA'4A p [kg/m3] (with cations) 1529.55
MW unit cell [g/mol(framework+cations)] 13637.27
The window dimension calculated using the van ¢, fractional pore volume 0.375
der Waals diameter of framework atoms = 2.7 A is
- open space / A3/uc 5552.0
indicated above by the arrow.
Pore volume / cm?/g 0.245
Surface area /m2g
Delaunay diameter /A 4.00

Figure S38. Structural details of LTA-4A zeolite.
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4.4 A 3.7A
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Figure S39. (a, b) Experimental data of Habgood!” on transient uptakes of N2(1)/CH4(2) mixture
within LTA-4A crystals, exposed to binary gas mixtures at partial pressures p1 =50.9 kPa; p> = 49.1 kPa.
The unary isotherms are provided in Table S8. The black lines are simulations based on eq (S21). The

blue lines are the simulations based on eq (S22) in which the thermodynamic correction factors are

assumed to be described by I';, = 0., the Kronecker delta.

ij B
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4.4 A 3.7A

N, jumps lengthwise
across windows and
has the higher
chffusivity

Figure S40. Computational snapshot showing that N2 jumps lengthwise across the 4 A windows of

LTA-4A zeolite.
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Figure S41. (a) Experimental data of Habgood'” on transient uptakes 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. The
unary isotherms are provided in Table S8. (b) Equilibration trajectories plotted in composition space. (c)
Transient equilibration of pseudo component loadings. (d) Pseudo component loading plotted in

composition space.
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20/80 N,(1)/CH,(2) mixture;

Thermodynamic coupling, I,/ T';,, T,,/T,,

Thermodynamic correction factors, T, T',,, ['yy, '),
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/ 194 K; LTA-4A
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Figure S42. (a) Elements of the matrix of thermodynamic correction factors Fij as a function of total

bulk gas pressure, pt, calculated using the mixed-gas Langmuir model for 20/80 N2(1)/CH4(2) mixtures

adsorption in LTA-4A zeolite at 194 K. (b) Calculations of the ratios T, /T,,, I',,/T’,, as a function of

total bulk gas pressure, pr,
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nitrogen(1)/methane(2);
a b p,= 20 kPa; p,= 80 kPa:
LTA-4A; 194 K;

nitrogen(1)/methane(2); (By1D,)=21.7;
100 - p,= 20 kPa; p,= 80 kPa; 100 - simulations include T
i LTA-4A; 194 K; i
i B,/r? =1.56x10° s [
- (B,/D,)=21.7 -
» 95 - » 95 -
S [ S [ 2 6 -1
5 i b L — D,/r?=6.09x10° s
3 i — assuming r= 5ij 3 [ —_ 1‘91/rc2 =1.56x10° 5™
-Eﬁ 90 + — including T EQ 90 +
T 8 T 8
[&] L O L
S L R L
85 - 85 -
L L1 (| L Lol
10 100 10 100
(Qyt/m,) /L kg™ (Qytim,,) /L kg
nitrogen(1)/methane(2);
C d p,= 20 kPa; p,= 80 kPa:
nitrogen(1)/methane(2); LTA-4A: 194 K:
p,= 20 kPa; p,= 80 kPa; (B,1D,)=21.7;
LTA-4A; 194 K; . . )
& C DJr2=156x10° " & r simulations include 1“U
~ 12f “Te ~ 12F A
S F o (BJD,)=21.7 s - I\
kil g T i ~. A\
S 10f == 5 10¢ =
o r <) r
A 4 5 f /
S 08F[F 4 c 08F / |
£ "Tr / 2 n / l'
@ C © L
£ F / £ r / 2_ 6
E osh / £ o6 / l, CH, .91/rc2 -6.09x105s1
e C o L _ 5 -
§ F /] // ——— CH, assuming I';= & § 04 r // | CH, BW/} _1'56)(1_(5) 1S
§ 04r / / ——— CH,including T} § L // ,' -—— N, D1/r02 =1.56x10 S s )
= [ / . ) = r — == N, b,/r”=6.09x10" s’
c r / ——— N, including T, S L 271 e
S 020 [/ / 2 "9 S 02Ff / /’
S £y // ——— N,assuming I[';= g, S 5 // /
g 0.0 = A e g 0=t T
0.01 0.1 1 10 100 0.01 0.1 1 10 100 1000
(Qy t/m,)/ Lkg" (QytIm,y.)/ Lkg™

Figure S43. (a, b) Transient breakthrough of 20/80 N2(1)/CH4(2) mixture in fixed bed adsorber
packed with LTA-4A crystals operating at 194 K, and total pressure pt = 100 kPa. The y-axis is the %
CHa at the adsorber outlet. The x-axis is Q¢/m,, , where Qo is the volumetric flow rate of the gas
mixture at the inlet to the fixed bed at actual temperature and pressure conditions. The black lines are
simulations based on eq (S21). The blue lines are the simulations based on eq (S22) in which the

thermodynamic correction factors are assumed to be described by I'; = 0., the Kronecker delta. In (a)

i] 9
we maintain D, / 1P =1.56x10"s"; D, /D, =21.7. In (b) the two simulations (black and red lines)

include thermodynamic coupling, and maintain the ratio p, /p, = 21.7 ; the black and red lines represent
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two different severities of diffusional influences D, / 7 =1.56x10"s"; B, / 7 =6.09%10°s". In

Figure S43c,d the same sets of data in Figure S43a,b are plotted using the dimensionless concentrations

in the gas phase exiting the adsorber, ¢, /c,, , as y-axes.
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Figure S44. 1-site temperature-dependent Langmuir parameter fits for N2 and CH4 in LTA-4A zeolite
using the parameters in Table S9. The component loadings are plotted as function of the surface

potential @ ; for details of the concept of surface potential refer to Krishna and van Baten.3
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Figure S45. Plot of adsorption selectivity, —
b2 D2

b By as function of the temperature, 7, for LTA-4A zeolite. Also plotted on the right y-axes are the

2 2

values of 191/7”62 :
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Figure S46. 1-site temperature-dependent Langmuir parameter fits for N2 and CHs in Ba-RPZ using
the parameters in Table S10. The component loadings are plotted as function of the surface potential ®

; for details of the concept of surface potential refer to Krishna and van Baten.®*
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Figure S48. (a) Transient uptake of 20/80 N2(1)/CH4(2) mixture in Ba-RPZ crystals operating at 273
K, and total pressure p: = 100 kPa. (b) The component loadings plotted in composition space. The red

and blue lines are the fast and slow eigenvectors.
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Figure S49. (a, b) The transient uptake data of Majumdar et al.®® for Ba-ETS-4 for (a) 10/90, and (b)

50/50 mixtures in Ba-ETS-4 at 283 K and 0.7 MPa. Note that the y-axes are plotted in terms of

fractional uptake.
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Figure S50. (a, b) Transient uptake of 20/80 N2(1)/CH4(2) mixture inside crystallite of Ba-ETS-4.

The surrounding bulk gas mixture is at 283 K, and total pressure pt = 1 MPa. The x-axes represent the
Fourier number Blt/ 7;,2. The black lines are simulations based on eq (S21). The blue lines are the

simulations based on eq (S22) in which the thermodynamic correction factors are assumed to be

described by I'; =, , the Kronecker delta.
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Figure S51. (a, b) Ttransient breakthroughs of 20/80 N2(1)/CH4(2) mixture in fixed bed adsorber

packed with Ba-ETS-4, operating at 283 K, and total pressure pt = 1 MPa. The x-axes are Q,t/m,,, »

where Qo is the volumetric flow rate of the gas mixture at the inlet to the fixed bed at actual temperature
and pressure conditions. The y-axis in (b) is the % CHa at the adsorber outlet. The black lines are

simulations based on eq (S21). The blue lines are the simulations based on eq (S22) in which the

thermodynamic correction factors are assumed to be described by Fij = 51; , the Kronecker delta.
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9 Separation of O2/N2 mixtures

The separation of air to produce N2 and O2 of high purities is one of the most important industrial
processes that uses pressure swing adsorption technology.'® > The process technologies are geared to
either production of purified Oz or purified Na. Cryogenic distillation has been the common
technologies for this separation, but adsorptive separations offer energy efficient alternatives. Purified
O2 is required for a wide variety of applications that include portable adsorption units for medical
applications and in space vehicles. Nitrogen is required in applications where it is desired or necessary
to exclude oxygen. Typical industrial applications include preservation of fruit and produce during
trucking, the blanketing of fuel tanks of fighter aircraft, the inerting of reactors in a number of
pharmaceutical processes, laser cutting. N2 is required for use in laboratory analytical equipment such as
GC, LC, LCMS, FTIR, ICP, and in glove boxes.

For production of purified O, cation-exchanged zeolites LTA-5A (also called 5A or NaCaA zeolite
containing 96 Si, 96 Al, 32 Na", 32 Ca™ per unit cell; Si/Al=1), NaX (also called 13 X zeolite,
containing 106 Si, 86 Al, 86 Na" per unit cell; Si/Al=1.23), CaX, LiX, and LiLSX (= low silica LiX
zeolite) and can be used as selective adsorbents.”>®” The larger permanent quadrupole of N2 compared
to that of Oz is responsible for the stronger adsorption strength of N2 on these zeolites.”® Both O, and
N2 have similar polarizabilities and magnetic susceptibilies. However, the quadrupole moment of N2 is
about 4 times that of O2. The Skarstrom cycle can be used, with modifications such as the introduction
of a pressure equalization step, for production of enriched O2 using say LiLSX zeolite. The different
steps (stages) in the operation of a single bed for producing oxygen in small-scale units are shown in
Figure S52, that has been adapted from Ruthven and Farooq.”® Desorption of the preferentially adsorbed

nitrogen is achieved by pressure reduction followed by purging with a fraction of the oxygen product to
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remove the nitrogen from the interstices of the bed. Further details are available in the excellent texts of

1 18 91,99

Ruthven et al.”®, and Yang.

For production of purified N2 from air, a different strategy is often employed that rely on diffusion
selectivity.?” 1% Diffusion-selective separation are achieved with Carbon Molecular Sieve (CMS), and
LTA-4A zeolite. Diffusion limitations manifest in LTA-4A because the window regions are partially
blocked by the cations; see pore landscape in Figure S53. The same basic Skarstrom cycle can be used,
with the kinetically selective 4A zeolite or carbon molecular sieve adsorbent, in a nitrogen production
process. However, in such a system purging with nitrogen to remove the faster diffusing oxygen from
the bed is undesirable since, as well as wasting product, a certain fraction of the slowly diffusing
nitrogen will be adsorbed, thus reducing the capacity for oxygen during the next adsorption step. At the
end of the counter-current blowdown step (see Figure S54), the adsorbent contains both oxygen (fast
diffusing) and nitrogen (slow diffusing). Thus if the bed is simply closed at one end and left for a period
of time the oxygen will diffuse out first followed by the nitrogen so the system is, in effect, self purging.
18,98

Watch PSA for Air Separations on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

9.1 Transient uptake of O2/N2 mixtures in LTA-4A

Figure S55 presents the simulations of transient uptake of O2(1)/N2(2) mixture in LTA-4A zeolite at
298 K and total pressure of 600 kPa. The partial pressures of the components in the bulk gas phase are
p1 =126 kPa, p» = 474 kPa. The continuous solid lines are Maxwell-Stefan model simulations based on
Eq (S20), that accounts for thermodynamic coupling. The Oz overshoot signals uphill diffusion.!>*! The

dashed lines are the simulations based on Eq (522), in which the thermodynamic correction factors are

assumed to be described by I'; = 0, , the Kronecker delta; in this scenario there is no Oz overshoot. The

i

conclusion to be drawn is that the Oz overshoot is engendered by thermodynamic coupling effects.
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9.2 List of Tables for Separation of O2/N2 mixtures

Table S12. 1-site Langmuir parameters for Oz and N2 in LTA-4A zeolite at 298 K. These isotherm
data are taken from Farooq et al.?® ' These data are for RS-10, a modified version of LTA-4A that

affords higher diffusion selectivity in favor of Ox.

{sat b

mol kg! Pa"!
o)) 1.91 5.65%x1077
N> 1.91 1.13x10°

On the basis of the information provided in Table 3 of Farooq et al.?’
The crystal framework density p= 1100 kg m™

The Maxwell-Stefan diffusivities are

D/r? =275x102 ;. D, [r? . =7.5x10*s"; p,/p, =36.7.
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9.3 List of Figures for Separation of O2/N2 mixtures

Enriched
0,

Pre re

Feed Feed
79% N, 79% N,
21% 0O, 21% O,

rrent

Nitrogen

Nitrogen

Figure S52. Different steps in the production of purified Oz using an adsorbent such as LiLSX. The

scheme shows the sequence of processing of a single bed in a multi-bed PSA scheme. Adapted from

Ruthven and Farooq.”®
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4.1 A windows partially
blocked by Na+ cations

LTA-4A LTA-4A (96 Na+)

Figure S53. Partial blocking of the windows of LTA-4A zeolite.
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Enriched
N

Pre n rrent
Feed Feed
79% N, 79% N,
21% 0, 21% O, oxygen oxygen

Figure S54. Different steps in the production of purified N2 using an adsorbent such as LTA-4A, that
relies on kinetic selectivity. The scheme shows the sequence of processing of a single bed in a multi-bed

PSA scheme. Adapted from Ruthven and Farooq.”®
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Figure S55. Transient uptake of O2(1)/N2(2) mixture in LTA-4A zeolite at 298 K and total pressure of
600 kPa. The partial pressures of the components in the bulk gas phase are p1 = 126 kPa, p> = 474 kPa.
The unary isotherms are provided in Table S12. The continuous solid lines are Maxwell-Stefan model

simulations based on eq (S20). The dashed lines are the simulations based on eq (S22), in which the

thermodynamic correction factors are assumed to be described by I'; = 0, , the Kronecker delta. The

ij
Maxwell-Stefan diffusivities used in the simulations are: B/r” =2.75x102 s7'; D, /r’ =7.5x10 s,

2

D,/P,=36.7.
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10 C3He/C3Hs separations

For production of alkene feedstocks of 99.95%+ purity required for polymerization reactors,
cryogenic distillation columns operated at high pressures and high reflux ratios are commonly employed
for large scale separations of C:H4/C2Hs, and C3He/C3Hs mixtures. Many MOF developments have
targeted alkene/alkane separations with the objective of eventually supplanting the energy-intensive
distillation technologies.?> 1919 Each of the unsaturated alkenes C2H4, and C3Hs possesses a m-bond,
and the preferential adsorption of the alkene from the corresponding alkane with the same number of C
atoms can be achieved by choosing zeolitic adsorbents with extra-framework cations (e.g. LTA-4A,
LTA-5A,'91% and NaX (= 13X) zeolites'””> ''%), or MOFs with unsaturated “open” metal sites!?! !!!
(e.g. Ma(dobdc)!"> ' [M = Mg, Mn, Co, Ni, Zn, Fe; dobdc* = 2,5- dioxido-1,4-benzenedicarboxylate],
Ma(m-dobdc) ' [M = Mn, Fe, Co, Ni; m-dobdc* = 4,6-dioxido-1,3-benzenedicarboxylate] and
CuBTC!"3). An alternative is employ NbOFFIVE-1-Ni (= KAUST-7) 2 or Co-gallate,''# that almost
completely exclude the saturated alkane from the pores due to diffusional limitations.

Watch presentation titled Alkene/Alkane Separations with MOFs on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

Figure S56 compares the experimental data on transient breakthroughs for separation of C3He/C3Hs
mixtures in a fixed bed adsorber packed with: KAUST-7,'2 Co-Gallate,''* LTA-5A,'92 and

Ni2(dobdc).'”® The dimensionless concentrations at the exit of the fixed bed, ¢, /c,, , are plotted as a
function of Q¢/m,, , where Qo is the volumetric flow rate of the gas mixture at the inlet to the fixed

bed, expressed in L s, at STP conditions. Though LTA-5A and Ni2(dobdc) have significantly higher
CsHe uptake capacities, these materials also adsorb significant amounts of saturated alkane. In the
vacuum blowdown step, the presence of the saturated alkanes in the void spaces of the bed is a

detrimental factor in the achievement of the desired high-purity CsHe product.
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To attain higher CsHe purities that are required for polymerization feedstocks, we need to operate with

multiple beds involving five different steps, as schematized in Figure S57, 2!- 108 110. 116

consisting of

(1) Pressurization with C3He/C3Hs feed mixture

(i1) High pressure adsorption separation with withdrawal of purified C3Hs

(1i1) Co-current purge with a portion of the product C3He

(iv) Co-current blowdown, and

(v) Counter-current vacuum blowdown

The recovery of high purity CsHe product in the final vacuum blowdown step is expected to be
enhanced if C3Hs is (almost) excluded during the high pressure adsorption cycle. Near-total exclusion of
CsHs 1s achievable by kinetically based separations using cage-type zeolites with 8-ring windows. Due
to the small cross-section of the propene molecule (see Figure S58), kinetic separations, selective to
propene, are possible using all-silica CHA zeolite (all-silica CHA zeolite, also named SiCHA, consists
of cages of volume 316 A3, separated by 3.8 A x 4.2 A 8-ring windows; the pore landscapes and
structural details of CHA zeolite are provided in Figure S20, and Figure S21.2!- 11711

Ruthven and Reyes'!"® compare the ratio of diffusivities of propene to that of propene in CHA with the
corresponding values in DDR; see Figure S59. Their data show that CHA is the more effective sieve.

It is to be noted for LTA-4A zeolite,'"” ' both mixture adsorption and diffusion favor propene,
whereas with all-silica CHA zeolite, the adsorption equilibrium is in favor of propane, whereas diffusion
favors propene.

In order to appreciate the significance of thermodynamic coupling, Figure S60 presents the
calculations of the thermodynamic correction factors I'jj. We note that at a total pressure of 200 kPa, the
cross-coefficients are about 75-90% of the magnitudes of the diagonal elements, indicating that coupling
effects cannot be ignored.

Figure S61a,b shows the simulations of transient uptake of 50/50 C3He(1)/C3Hs(2) mixtures within

crystals of all-silica CHA at 353 K.
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The clements of the [I'] are {F“ 11:12} = [245 1;] The Fick diffusivity matrix is calculated to be
21 22
|:D11 D12 :|
D,, 2D22 _ 4250 2550 107 &
r 1.36 1.7

The spatial averaged component loadings are plotted as a function of v/t . The bulk gas mixture is at a

total pressure of 100 kPa. The solid black lines are simulations based on eq (S10); the Maxwell-Stefan
diffusivities are B, / 7P =1.7x10" s";  D;/D,=5000. The more mobile C3Hs exhibits a pronounced

overshoot in its approach to thermodynamic equilibrium. The attainment of supraequilibrium loadings
during the initial stages of transience signals the phenomenon of uphill diffusion, and enhanced

separation. The dashed lines are simulations based on eq (S11), in which the thermodynamic correction

factors are assumed to be described by Fij = 51] in which the thermodynamic correction factors are

assumed to be described by I, =0, , the Kronecker delta. In this scenario, no C3Hs overshoot is

i >
observed indicating that thermodynamic coupling effects are the root cause of uphill diffusion.

Figure S61b plots the equilibration trajectories for C3Hs(1), and CsHs(2). If thermodynamic coupling
effects are ignored, both C3Hs, and C3Hs display monotonous equilibration characteristics.

ZIF-8 has a cage-window SOD (sodalite) topology (see pore landscape in Figure S62). The
crystallographic size of the windows of ZIF-8 are 3.3 A, but the windows are flexible. Due to subtle

differences in bond lengths and bond angles, the diffusivity of CsHe (1) is significantly higher than that

of C3Hzs (2); Li et al.'? report the value of the ratio p, /P, = 125 based on the data on pure component

uptakes. In ZIF-8, the adsorption strength of the saturated propane is higher than that of propene. From

the experimental isotherm data of Li et al.,'?" the ratio of single-site Langmuir parameter , /b, = 1.07

at 303 K. From a practical standpoint, it is of interest to know under what set of conditions transient
overshoots can be expected to occur. To get some insights into this question, we investigated binary

C3He(1)/C3Hs(2) mixture uptake in ZIF-8. The windows of ZIF-8 have a dimension of about 3.3 A.
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Due to subtle differences in bond lengths and bond angles (see Figure S62), the diffusivity of C3Hs is
higher than that of CsHs.

Figure S62 presents simulations of transient uptake of CsHe(1)/C3Hs(2) mixture within crystals of
ZIF-8, taking p /b, =125. The more mobile propene exhibits a sharp overshoot in the uptake for
simulations in which thermodynamic coupling is properly accounted for. If thermodynamic coupling

effects are ignored, both C3Hs, and C3Hs display monotonous equilibration characteristics.
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10.1 List of Tables for C3H6/C3HS8 separations

Table S13. 1-site Langmuir parameters for CsHe, and C3Hs in all-silica CHA zeolite at 353 K. These

isotherm data are taken from Table 4 of Khalighi et al.!

D b
molkg” | pa’!
C3H6 2.9 3><10'5
CsHs 2.9 8x107

On the basis of the information provided in Table 4 of Khalighi et al.,*! the Maxwell-Stefan

diffusivities are B/r7 =1.7x10*s; D, /r? =3.4x10%s"; p, /b, =5000.
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Table S14. 1-site Langmuir parameters for propene and propane in ZIF-

8.1l The T-dependent

parameters are obtained by fitting the combined sets of pure component isotherm data of Li et al.'?° and

Bohme et al.!?? determined for a variety of temperatures in the range 273 K to 408 K.

bp E
q = qsat —’ bA = bO eXp (Ej

1+bp
_Tsar b, L
mol kg” | Pa’ kJ mol
propene | 5.2 4.57x101" | 33.9
propane | 5.2 1.39x101% | 31.3
—— Langmuir fits pure propene
v 303K ZIF-8;
& 318K Li etal and
B 325K Boehme et al.
expt data
4.0 A 333K
@® 348K
3.5 * 363K
@& 378K
30F X 393K

25

2.0

1.5

1.0

Molar loading, g, / mol kg‘1

0.5

0.0

104

10°

Bulk gas phase pressure, p, /Pa
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10.2 List of Figures for C3H6/C3HS8 separations

2.0

1.5

1.0

0.5

0.0

Dimensionless concentrations at outlet, ¢,/ ¢,

50/50 C,H,/C,H,;
p= 100 kPa; 298 K

—O— C4Hg KAUST-7
—— C,H; KAUST-7
—— C,H, Co-gallate
—a— C,H, Co-gallate
—1— C,Hg LTA-5A

—m— C,Hg LTA-5A

—O— C;Hg Ni,(dobdc)
—@— C;H; Ni,(dobdc)

Gallate /

-1
(Qyt/m,,) I Lkg

Figure S56. Experimental data on transient breakthroughs for separation of 50/50 C3He¢/C3Hs mixtures

in a fixed bed adsorber packed with: KAUST-7,'%

Co-Gallate,!'"* LTA-5A zeolite,'”> and

Niz2(dobdc).'® The dimensionless concentrations at the exit of the fixed bed, ¢, /c,, , (open symbols =

CsHsg; filled symbols = C3Hs) are plotted as a function of Q¢ /m,, , where Qo is the volumetric flow rate

of the gas mixture at the inlet to the fixed bed, expressed in L s™!, at STP conditions.

S132



Purified
C3H8

=
c

o o
= - C —
® k= S 3 3
N o = O o
5 = 57 5
N = 0 3 -
o ? 00 S
o Q (S o
o o o

blowdown

c
(©)
=
o
S
o
@
5"
<

vacuum

Feed Feed

Product
C;Hg

Figure S57. Five-step PSA process for separating C3He/C3Hs mixtures,!%8 110116

S133



CsHg

C3H6
123.90 115.5¢
O1.336/3\ LS4
propene propane
F 13
|
(IZ C—(Ij—H

H H

double bond

| |

8 sigma bonds + 1 p1 bond

Figure S58. Molecular dimensions of C3Hg and C3Hs, culled from the literature. '

S134



Propene/Propane

Py 154A Discrimination
propene propane
b.p. = 226 K b.p. = 231.3K
10°

Ruthven and Reyes, 2007

@ CHA
® DDR

104

2

Ratio of Propene to Propane diffusivities

103 | | | | | | |

(1000 / T) / K’

Figure S59. Data of Ruthven and Reyes!" for the ratio of diffusivities of propene to that of propane in

all-silica CHA and DDR zeolites.

S135



Q
(og

S

= 10 1.0 - —_—T. T

o) i CHA; C,H,(1)/C,Hg(2); B 127

< r 353 K; p,=p, C

—~ L L

- 8 + 0.8 C

— i S L

g | 50

S &l = 06

Y r pu i

c r = L

e r N L

5] i e i

(&) L *('U' r

o L

E ol 02} CHA; C,Hqg(1)/C,H(2);

s L 353K;p,=p

> / 1 2

-8 [ / -

g 07\’\’\\\\\\\\\\\\\\\\\\ 0'0\\\\\\\\\\\\\\\\\\\\

§ 0 50 100 150 200 0 50 100 150 200
Total pressure, p, / kPa Total pressure, p, / kPa
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diagonal elements to the diagonal elements of the matrix of thermodynamic factors.
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Figure S61. (a) Simulations of transient uptake of 50/50 C3He(1)/C3Hs(2) mixtures within crystals of
all-silica CHA at 353 K, and total pressure of 100 kPa. The solid black lines are simulations based on eq

(S10), the dashed black lines are simulations based on eq (S11), in which the thermodynamic correction

factors are assumed to be described by I'; = 51.]. . (b) Equilibration trajectories. The unary isotherms and

diffusivity data are provided in Table S13.
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Figure S62. Simulations of transient uptake of C3He(1)/C3Hs(2) mixtures within crystals of ZIF-8 at
303 K. The simulations use the isotherm parameters specified in Table S14, along with B, / ’22 = 1.5x10
2 g Bz/rc2 = 1.2x10" s b, /P, = 125; ratio of single-site Langmuir parameter b, /b, = 1.07. The

black lines are simulations based on eq (S10), the blue lines are simulations based on eq (S11), in which

the thermodynamic correction factors are assumed to be described by I'; = 51.]. .
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11 Synergistic separation of C3H4/C3H¢ mixtures

The selective capture of propyne from propene is important in the context of preparing polymer-grade
propene feedstocks. Jiang et al.'?* report the efficacy of SIFSIX-Cu-TPA (also named as ZNU-2-Si) for
this separation task. A particularly interesting feature is that this MOF is that the separations display
synergism between adsorption and diffusion. To highlight this synergism Figure S63a compares the
experimental data for transient breakthroughs for separation of 10/90 C3H4/C3He mixtures in a fixed bed
adsorber packed with SIFSIX-Cu-TPA (also named as ZNU-2-Si), with transient breakthrough
simulations in which the intra-crystalline diffusional influences are ignored. We note that the
experimental data displays superior separations in terms of productivities of purified CsHe as compared
to simulations ignoring diffusional influences.

Jiang et al.!** provide evidence to show that adsorption-diffusion synergy is the reason for the
superior separations with SIFSIX-Cu-TPA. In order to demonstrate this adsorption-diffusion synergy,
Figure S63b presents a comparison to two sets of simulations of transient breakthroughs. The
continuous solid black lines are the transient breakthrough simulations in which the intra-crystalline

diffusional influences are ignored. The continuous red lines are the simulations including intra-
crystalline diffusional influences, taking B,/D,=10;5, / 7P =2.5x107s"; 192/ 72 =2.5x10"s". In

this case, both adsorption and diffusion favor the selective capture of CsHa. During the early stages of
the transience, a larger amount of purified C3Hs is recoverable. This is also demonstrated in the
experiments reported by Jiang et al.'** Our simulations including synergistic diffusional influences are
in qualitative agreement with the experimental breakthroughs. If the fixed bed adsorber is allowed to
equilibrate, both simulations shown in Figure S63b will result in the same component loadings in the
adsorbed phase. The component loadings remaining in the adsorbent are C3Hs = 4.26 mol kg'!, C3Hs =

2.38 mol kg!. The corresponding loadings calculated from IAST for the feed mixture are: CsHa = 4.39
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mol kg!, CsHs = 2.4 mol kg'. The differences in the breakthrough characteristics influences the

productivity of purified C3He that is recovered prior to bed equilibration.

S140



11.1 List of Tables for Synergistic separation of C3H4/C3H6 mixtures

Table S15. Dual-site Langmuir-Freundlich fits for C3Ha4, and C3He in SIFSIX-Cu-TPA (=ZNU-2-Si).

— qsat,AbApVA + qsat,Bbe

vB

E E
; by=b,exp (R_;,j; b, = by, exp (R_;]

l+bApVA 1+beVB
Site A Site B
9 tsar b0 E, Vi 95 sar by, E, Vs
mol kg™ | pa™ kJ mol™ mol kg™ | pa™s kJ mol™
CsH,4 6.42 6.614E- 55.4 1.28 2.8 4.036E- 44 1
14 13
CsHs 5.2 4.575E- 443 1.26 1.65 2.132E- 54.2 1
13 15
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11.2 List of Figures for Synergistic separation of C3H4/C3H6 mixtures
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Figure S63. (a, b) Experimental data for transient breakthroughs for separation of 10/90 C3H4/C3Hs
mixtures in a fixed bed adsorber packed with SIFSIX-Cu-TPA (also named as ZNU-2-Si), operating at a
temperature of 298 K and at a total pressure of 100 kPa. The continuous solid black lines are the
transient breakthrough simulations in which the intra-crystalline diffusional influences are ignored. The
continuous red lines are the simulations including intra-crystalline diffusional influences, taking
b/P,=10;B, /1’ =2.5x10" s"; D, /r’ =2.5x107" 5. The unary isotherm data are provided in Table

S15.
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12 Uphill diffusion of mixtures of aromatics in H-ZSM-5

The experimental data of Niessen and Karge!?> 12 for transient uptake of benzene(1)/ethylbenzene(2),
and benzene(1)/p-xylene(2) mixtures in H-ZSM-5 show overshoots in the benzene uptake; see Figure

S64a,b. The detailed analysis of these data is available in our previous publication.®

S143



12.1 List of Figures for Uphill diffusion of mixtures of aromatics in H-ZSM-5
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Figure S64. Experimental data of Niessen and Karge'>> 2 for uptake of (a)

benzene(1)/ethylbenzene(2) and (b) benzene(1)/p-xylene(2) mixtures in H-ZSM-5.
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13 Nomenclature

Latin alphabet

bi Langmuir parameter, Pa™'
[B] matrix of inverse M-S coefficients, m? s
Ci molar concentration of species i, mol m™
ct total molar concentration in mixture, mol m™
Cio molar concentration of species 7 in fluid mixture at inlet to adsorber, mol m™
D Maxwell-Stefan diffusivity for molecule-wall interaction, m* s™!
Dij M-S exchange coefficient for n-component mixture, m” s’
P M-S exchange coefficient for binary mixture, m? s™!
[D] Fick diffusivity matrix, m? s’
fi partial fugacity of species i, Pa
m,,, mass of adsorbent packed in fixed bed, kg
n number of species in the mixture, dimensionless
L length of packed bed adsorber, m
Ni molar flux of species i with respect to framework, mol m? s™!
Di partial pressure of species i in mixture, Pa
Dt total system pressure, Pa
qi component molar loading of species i, mol kg!
qisat molar loading of species i at saturation, mol kg!
qt total molar loading in mixture, mol kg!
51. (1) radial-averaged component loading of species 7, mol kg™!
0, volumetric flow rate of gas mixture entering fixed bed, m® s™!
r radial direction coordinate, m
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re radius of crystallite, m

R gas constant, 8.314 J mol! K!

t time, s

T absolute temperature, K

ui velocity of motion of adsorbate species i with respect to the framework material, m s™!
u superficial gas velocity in packed bed, m s™!

v interstitial gas velocity in packed bed, m s™!

Xi mole fraction of species 7 in adsorbed phase, dimensionless
z distance along the adsorber, m

Greek alphabet

[ij thermodynamic factors, dimensionless

[F] matrix of thermodynamic factors, dimensionless

Oi Kronecker delta, dimensionless

£ voidage of packed bed, dimensionless

Ai eigenvalues of Fick diffusivity matrix [D], m*s™

é fractional occupancy of component i, dimensionless

a fractional occupancy of adsorbed mixture, dimensionless
& fractional vacancy, dimensionless

[A] matrix of Maxwell-Stefan diffusivities, m? s

M molar chemical potential, J mol™!

1% Freundlich exponent, dimensionless

P framework density, kg m™
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Subscripts

1 referring to component i
t referring to total mixture
sat referring to saturation conditions
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