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CHAPTER 5

Separating Xylene Isomers by Commensurate Stacking of
p-xylene within Channels of MAF-X8 ∗

The separation of C8 aromatic hydrocarbons is of great importance in the pet-
rochemical industries. Some mixed xylenes are used for blending in gasoline,
as solvents, and in the printing, rubber and leather industries [1]. Most mixed
xylenes are separated and the individual isomers consumed in specific end-uses.
Para-xylene, the most valuable of the isomers, is primarily used as a feedstock
with purity requirements of 99%+, for terephthalic acid or dimethyl terephthal-
ate, whose end uses include polyester fibers and polyethylene terephthalate (PET)
resins for beverage bottles [2]. The separation of C8 aromatic hydrocarbons is
difficult because of the small differences in the boiling points. There are, however,
significant differences in the freezing points that allow fractional crystallization to
be used for separations [3]. The differences in the freezing points arise because
of differences in the stacking efficiency of molecules. Para-xylene has the highest
freezing point because the molecules stack most efficiently; pure p-xylene crystals
are the first to emerge from the solution. However, the energy requirements for
fractional crystallization are high because of the need to cool to temperatures of
about 220 K. Selective adsorption of xylene isomers within the pores of ordered
crystalline micro-porous materials is an energy efficient alternative to fractional
crystallization [4]. In industrial processing, the feed to the xylenes separation unit
are most commonly in the liquid phase, and the operation is under conditions of
pore saturation. At these conditions, differences in saturation capacities are of
great importance in determining separations (as explained in detail in Section S5

∗Based on: A. Torres-Knoop, R. Krishna and D. Dubbeldam, Separating Xy-
lene Isomers by Commensurate Stacking of p-xylene within Channels of MAF-X8, An-
gew. Chem. Int. Ed., 53(30), 2014, 7774-7778.

117



118
Chapter 5. Separating Xylene Isomers by Commensurate Stacking of p-xylene within

Channels of MAF-X8

of ref. [5]). Because of the low p-xylene content of the feed it is often easier to reach
a high productivity with p-xylene-selective adsorbents [6]. Thanks to early simula-
tion work on xylenes in zeolites by e.g. Snurr et al. [7], molecular simulations have
now evolved sufficiently in speed and accuracy that large-scale screening studies
have become feasible. Moghadam and Düren [8] found that small pore structures
are para-selective and slightly larger pores are ortho-selective. However, this para-
selectivity mechanism is based on sieving: the channel-dimensions are selected
such that p-xylene is adsorbed and the larger o- and m-xylene are excluded from
the channels. Sieving is therefore usually associated with small pore systems with
low p-xylene loadings. Moreover, such sieving is unable to separate p-xylene from
ethylbenzene because of the diffusional limitations in such systems.

To search for systems that are superior to current technology (Ba-X zeolite
adsorbent used in UOP Parex and IFP Eluxyl which employ simulated moving
beds [4, 9, 10]) we require (1) a high para-selective structure, (2) with a high
pore volume, and (3) a structure that is able to operate near or at saturation
conditions. In this work, we show that these goals can be achieved by exploiting
“commensurate stacking”.

5.1 Methodology

The adsorption isotherms were obtained using the Configurational-Bias Monte
Carlo (CBMC), Continuous Fractional Component Monte Carlo (CFCMC) [11]
and Configurational-Bias Continuous Fractional Component Monte Carlo
(CB/CFCMC) [12] algorithms in the grand-canonical ensemble. The adsorbates
are described as multisite rigid molecules with properties and configurations shown
in Fig. 5.1. Force field parameters are listed in Table 5.1. Cross-interactions with
other molecules and the framework are computed using Lorentz-Berthelot mixing
rules.

Table 5.2 shows typical lengths, widths, and heights of the modeled adsorbates.
Distances are “molecular shadow lengths” [14] from Materials Studio [15] calcu-
lated by projecting the molecular surface on three mutually perpendicular planes.
The molecules are first rotated to align the principal moments of inertia with the
X, Y and Z axes (i.e. the distances depend on the conformation, but also on the
orientation of the molecule).

Table 5.1: Force field VDW parameters for the adsorbates [13].

type ε/kB [K] σ [Å] q [e]
C, benzene 35.2254 3.55 -0.115
H, benzene 15.0966 2.42 0.115
C, CH3 of toluene 33.2125 3.50 -0.065
C, CH2 of ethylbenzene 33.2125 3.50 -0.005
C, RCH3 33.2125 3.50 -0.180
H, RH, alkanes 15.0966 2.50 0.060
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a o-xylene b m-xylene c p-xylene

d ethylbenzene e benzene f toluene

Figure 5.1: Xylenes are a family of C8 aromatic hydrocarbons obtained from pet-
roleum and generally produced as a mixture of all three isomers: ortho-, meta- and
para-, with methyl groups attached to the aromatic ring in positions 1-2, 1-3, 1-4
respectively, and ethylbenzene. The differences in boiling points are small. There are,
however, significant differences in the freezing points that allow fractional crystalliza-
tion to be used for separations. The differences in the freezing points arise because
of differences in the stacking efficiencies of molecules. In this work we have included
benzene and toluene in the simulations to verify that their presence in the fluid mixture
does not alter the sequence of breakthroughs. The mixture of all these components
is often refered to as BTEX.

The frameworks are modeled as rigid with atom positions taken from crystal-
lographic experimental data. The structure of most MOFs were further optimized
using VASP [16, 17] (PBE, precision=high) with the cell fixed to the experiment-
ally determined unit cell size and shape. Periodic boundary conditions where
applied to overcome the problems of surface effects. The DREIDING force field
[18] was used to model the framework atoms. DREIDING is a well-known force
field developed to handle a wide range of small organic molecules, including or-
ganometallic systems. The small number of adjustable parameters in this force
field makes it easy to extend the force field to more complex systems. Van der
Waals parameters not found in DREIDING were taken from the universal force
field (UFF) [19]. DREIDING and UFF force fields were designed to be generic
with the aim of covering a broad range of atoms (this includes inorganic com-
pounds, metals, and transition metals). For the zeolites the TraPPE [20] force
field was used. All van der Waals parameters used for the frameworks are listed
in Table 5.3.

The charge-charge interactions were computed using the Ewald summation
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Table 5.2: Molecular shadow distances [14].

molecule Lx [Å] Ly [Å] Lz [Å]

o-xylene 7.95 7.36 4.18
m-xylene 8.85 7.40 4.16
p-xylene 9.25 6.70 4.16
ethylbenzene 9.51 6.71 4.86
benzene 6.87 7.34 3.40
toluene 8.31 6.70 4.16

Table 5.3: Framework force field VDW parameters. Charges for the frameworks
are computed using the REPEAT [21] methodology on primitive unit cells for each
structure. Values denoted with a * correspond to the TraPPE zeolite force field.

type ε/kB [K] σ [Å]
O 48.1581 3.03315
F 36.4834 3.0932
S 173.107 3.59032
H 7.64893 2.84642
Cr 7.54829 2.69319
Cu 2.5161 3.11369
Ti 8.55473 2.8286
Ni 7.54829 2.52481
Ne 21.1352 2.88918
Cd 114.734 2.53728
Al 155.998 3.91105

type ε/kB [K] σ [Å]
N 38.9492 3.26256
B 47.8058 3.58141
Cl 142.562 3.51932
Zn 62.3992 2.46155
Fe 6.54185 2.5943
Co 7.04507 2.55866
Sc 9.56117 2.93551
Zr 34.7221 2.78317
Ag 18.1159 2.80455
Sb 225.946 3.93777
Si 155.998 3.80414

type ε/kB [K] σ [Å]
C 47.8562 3.47299
P 161.03 3.69723
Br 186.191 3.51905
Be 42.7736 2.44552
Mn 6.54185 2.63795
Ga 208.836 3.90481
V 8.05151 2.80099
Mg 55.8574 2.69141
Te 200.281 3.98232
Si* 22 2.3
O* 53 3.30

(relative precision 10−6). Charges for the frameworks were computed by minimiz-
ing the difference of the classical electrostatic potential and a quantum mechanics
electrostatic potential over many grid points using the REPEAT method [21, 22].

Computing adsorption isotherms

In experimental adsorption studies one measures the amount of materials adsorbed
as a function of pressure and temperature. To mimic this, in simulations, it is nat-
ural to use the grand-canonical ensemble (or µ,V ,T ensemble). In this ensemble,
the temperature T , the volume V , and the chemical potential µ are fixed. The
partition function is given by:

ZµVT ≡
∞∑
N=0

eβµNV N

Λ3NN !

∫
e−βU(sN ) dsN (5.1)

with a corresponding probability density

NµVT ∝
eβµNV N

Λ3NN !
e−βU(sN ) (5.2)
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The Metropolis algorithm in the grand-canonical ensemble is similar to the NVT
ensemble, but with two extra moves: insertion and deletion of particles.

The insertion of a particle is accepted with a probability

acc(N → N + 1) = min

(
1,

V βf

(N + 1)
e−β(U(N+1)−U(N))

)
(5.3)

and the removal of a particle is accepted with a probability

acc(N → N − 1) = min

(
1,

N

V βf
e−β(U(N−1)−U(N))

)
(5.4)

where f is the fugacity coefficient and is related to the pressure by f = φp (φ is the
fugacity coefficient computed directly from the equation of state of the vapor in
the reservoir). In our study we have plotted absolute loading versus the fugacity
as this is not affected by gas-liquid transitions of the reservoir.

IAST

The Ideal Adsorbed Solution Theory (IAST) [23] is a model to predict the mul-
ticomponent adsorption data using only pure-component adsorption isotherms.
The main assumption of the theory is that the adsorbed phase is an ideal solution
in which interactions between molecules are equivalent in strength [24, 25]. IAST
provides good predictions of mixture adsorption and selectivities for mixtures that
are close to ideal and mixtures in which the components are adsorbed at similar
levels. However, it often fails to capture the proper behavior for mixtures of polar
species or for mixtures in which one component is adsorbed strongly and the other
component is weakly adsorbed [26].

In this work, for the IAST calculations of component loadings in a 4-component
(o/m/p/e) and 6-component (o/m/p/e/b/t) mixture of C8 hydrocarbons, the
single component isotherms data (absolute loading) were fitted with the dual-site
Langmuir-Freundlich model:

qi = qi,A,sat
bi,Af

νi,A
i

1 + bi,Af
νi,A
i

+ qi,B,sat
bi,Bf

νi,B
i

1 + bi,Bf
νi,B
i

(5.5)

The saturation capacities qi,sat, Langmuir constants bi, for the two sites, A, and
B for various MOFs discussed in this article are provided in Tables S4-S11 in the
Supporting Information.

Breakthroughs

Fixed bed, packed with crystals of nanoporous materials, are commonly used for
separation of mixtures (see schematic in Figure 5.2); such adsorbers are commonly
operated in a transient mode, and the compositions of the gas phase, and within
the crystals, vary with position and time. Experimental data on the transient
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Figure 1 

L = length of packed bed 

u =  
superficial 
gas 
velocity 

ε = bed voidage 

v = u/ε = interstitial gas velocity!

Step 
Input of 
gas mixture 

L/v = Characteristic time of contact between gas and liquid !

Crystallites  

Figure 5.2: Schematic of packed bed adsorber.

breakthrough of mixtures across fixed beds are commonly used to evaluate and
compare the separation performance of zeolites and MOFs [27–30]. For a given
separation task, transient breakthroughs provide a more realistic evaluation of
the efficacy of a material, as they reflect the combined influence of adsorption
selectivity, and adsorption capacity [30, 31].

Furthermore, transient breakthroughs are influenced by both mixture adsorp-
tion equilibrium, and intra-crystalline diffusion. In order to determine the extent of
the relative importance of adsorption and diffusion in the separation performance,
we perform transient breakthrough simulations, and compare these with exper-
imental data. We describe below the simulation methodology used to perform
transient breakthrough calculations.

Assuming plug flow of an n-component gas mixture through a fixed bed main-
tained under isothermal conditions, the partial pressures in the gas phase at 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 [32]

1

RT

∂pi (t, z)

∂t
= − 1

RT

∂ (v (t, z) pi (t, z))

∂z
− (1− ε)

ε
ρ
∂qi (t, z)

∂t
; i = 1, 2, . . . ,n

(5.6)
In equation 5.6, t is the time, z is the distance along the adsorber, ρ is the frame-
work density, ε is the bed voidage, v is the interstitial gas velocity, and qi (t, z) is
the spatially averaged molar loading within the crystallites of radius rc, monitored
at position z, and at time t.

At any time t, during the transient approach to thermodynamic equilibrium,
the spatially averaged molar loading within the crystallite rc is obtained by integ-
ration of the radial loading profile:

qi (t) =
3

r3
c

∫ rc

0

qi (r, t) r2 dr (5.7)
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For transient unary uptake within a crystal at any position and time with
the fixed bed, the radial distribution of molar loadings, qi, within a spherical
crystallite, of radius rc, is obtained from a solution of a set of differential equations
describing the uptake

∂qi (r, t)

∂t
= −1

ρ

1

r2

∂
(
r2Ni

)
∂r

(5.8)

in which both correlation effects and thermodynamic coupling effects are con-
sidered to be of negligible importance

Ni = −ρ -Di
∂qi
∂r

(5.9)

-Di the Maxwell-Stefan diffusivity coefficient of component i in the crystallite.
Summing equation 5.7 over all n species in the mixture allows calculation of

the total average molar loading of the mixture within the crystallite

qt (t, z) =

n∑
i=1

qi (t, z) (5.10)

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

v =
u

ε
(5.11)

In industrial practice, the most common operation is to use a step-wise input of
mixtures to be separated into an adsorber bed that is initially free of adsorbates,
i.e. we have the initial condition

t = 0; qi (0, z) = 0 (5.12)

At time, t = 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

t ≥ 0; pi (0, t) = pi0; u (0, t) = u0 (5.13)

where u0 is the superficial gas velocity at the inlet to the adsorber.
Besides, the breakthrough simulations with a step-input (equation 5.13), we

also carried out simulations for a packed bed adsorber with injection of a short
duration pulse of the mixture to be separated. This type of simulation is par-
ticularly useful to demonstrate the fractionating capability of adsorbents. For
simulation of pulse chromatographic separations, we use the corresponding set of
inlet conditions

0 ≤ t ≤ t0; pi (0, t) = pi0; u (0, t) = u0 (5.14)

where the time for duration of the pulse is t0.
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1. The characteristic contact time L
v = Lε

u between the crystallites and the
surrounding fluid phase, and

2.
-Di
r2
c

that reflect the importance of intra-crystalline diffusion limitations.

It is common to use the dimensionless time, τ = tu
Lε , obtained by dividing the

actual time, t, by the characteristic time, Lεu when plotting simulated breakthrough
curves [31].

For all breakthrough simulations reported here we use the parameter values: L
= 0.3 m; voidage of bed, ε = 0.4; interstitial gas velocity, v = 0.1 m/s; superficial
gas velocity, u = 0.04 m/s. In pulse chromatographic simulations we take the
pulse duration t0 = 10 s. When matching experimental data on breakthroughs,
the parameter values used correspond to those relevant to the experiments being
simulated. Further details of the numerical procedures used in this work are
provided by Krishna and co-workers [32–35].

There are essentially two different scenarios to quantify the influence of intra-

crystalline diffusion effects on breakthroughs. If the value of
-Di
r2
c

is large enough to

ensure that intra-crystalline gradients are absent then the entire crystallite particle
can be considered to be in thermodynamic equilibrium with the surrounding bulk
gas phase at that time t and position z of the adsorber

qi (t, z) = qi (t, z) (5.15)

The molar loadings at the outer surface of the crystallites, i.e. at r = rc, are
calculated on the basis of adsorption equilibrium with the bulk gas phase partial
pressures pi at that position z and time t. The adsorption equilibrium can be
calculated on the basis of the IAST. This scenario is the one that is commonly
adopted for screening different nanoporous materials for a given separation task
[31, 35–37].

5.2 Results and Discussion

Commensurate stacking is much like stacking books on a bookshelf. In Figure 5.3
we show a prototypical stacking of o- and p-xylene in a carefully chosen rectangular
channel system. A MOF with channels of 0.85 nm allows the most efficient stacking
of o-xylene. Channels of 1 nm are desirable for stacking p-xylene. In a 1 nm
system, p-xylene is able to make full use of all the available pore volume and has
a strong interaction, adsorbing flat on a wall while both methyl-groups interact
with a sidewall. For molecules with different dimensions four effects occur: (1)
“wider” molecules (like o- and m-xylene) will be able to stack less molecules per
channel-length, (2)“longer” molecules (ethylbenzene) have to align obliquely and
therefore also stack less molecules per channel-length, (3) “shorter” molecules (o-
and m-xylene) will have a less optimal interaction with the pore structure; (4)
more bulky molecules (ethylbenzene) are unable to form commensurate layers and
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Figure 5.3: Schematic of “commensurate stacking” of xylenes in rectangular channels.
The yellow arrows denote the characteristic lengths of the molecules, which have to
be commensurate with the channel dimensions. Channels of about 0.85 nm in size
allow an efficient stacking of o-xylene molecules. The same channel size forces p-
xylene molecule to align obliquely, reducing the adsorption of p-xylene compared to
o-xylene. A p-xylene stacking would require channel dimensions of about 1.0 nm.

there will have a lower saturation loading. The strategy we adopt in this work is to
exploit differences in the stacking efficiencies of C8 aromatic hydrocarbons within
the MOF channels. In the Supporting Information of ref. [5], we have compiled
the adsorption and breakthrough simulation results. In the following discussions,
Figure numbers starting with S refer to those in this Supporting Information

5.2.1 Ortho-selective structures

Consider adsorption of ethylbenzene, and o-, m-, p- xylenes within the one-
dimensional, lozenge-shaped rhombohedric channels of MIL-47(V) of approxim-
ately 0.85 nm. Adsorption within the channels of MIL-47(V) favors o-xylene
because the molecules can most effectively stack along the channel length [30, 38].
Essentially, MIL-47(V) offers the appropriate “bookshelf” structure that is re-
quired to optimally stack o-xylene molecules (see Figure 5.4). The channel di-
mensions of MIL-47(V) are not large enough to allow p-xylene to stack ver-
tically; these molecules align obliquely along the channel length (Figure S9a).
Breakthroughs curves are the combined effect of selectivity and capacity in a

http://onlinelibrary.wiley.com/doi/10.1002/anie.201402894/suppinfo
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Figure 5.4: Snapshot of o-xylene in MIL-47 at 433 K. MIL-47 offers a 0.85 nm “book-
shelf” which optimally stacks molecules that are commensurate with this dimension
(i.e. o-xylene).
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Figure 5.5: Step breakthrough simulations at 25 Pa of an equimolar mixture of o-
xylene/m-xylene/p-xylene/ethylbenzene in (a) MIL-47 and (b) MIL-53. Both, MIL-47
and MIL-53, are o-xylene selective structure.

single quantity. For MIL-47, the breakthrough simulations for 4-component o-
xylene/m-xylene/p-xylene/ethylbenzene (Figure 5.5a) show that the sequence of
breakthroughs in a fixed bed adsorber is ethylbenzene, p-xylene, m-xylene, and
o-xylene. This is in agreement with the experimental breakthroughs reported
by Finsy et al.[39]. The computed 6-component breakthroughs of o-xylene/m-
xylene/p-xylene/ethylbenzene
/benzene/toluene in MIL-47 (Figure S11b) show that the presence of benzene and
toluene in the fluid mixture does not alter the sequence of breakthroughs.

MIL-53(Al) metal-organic framework has slightly larger (0.85 nm) lozenge-
shaped rhombohedric than MIL-47. The size of the channels is still not large
for an other molecule (other than o-xylene) to “effectively” stack. Therefore, the
adsorption and breakthrough order in the MIL-53(Al) are similar to that of MIL-
47(V) (Figure 5.5b). The sequence of breakthroughs is in qualitative agreement
with experiments of Remy et al. [40]. The work of Remy et al. [40] appears
to indicate that guest-induced structural changes of MIL-53(Al) are also to be
considered in quantitative modeling of the breakthrough characteristics.
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Figure 5.6: (a) Experimental pulse breakthrough at 309 K and (b) simulated pulse
breakthrough at 433 K of an o-xylene/m-xylene/p-xylene/ethylbenzene mixture in
MOF-CJ3.

Fang et al. [41] report pulse breakthrough simulations for 4-component o-
xylene/m-xylene/p-xylene/ethylbenzene in MOF-CJ3 that clearly indicate adsorp-
tion selectivity towards o-xylene. MOF-CJ3 has square channels of approximately
0.8 nm size. The rationalization of o-xylene selective adsorption is expected to
be similar to that of MIL-47. CBMC simulations of pure component isotherms
confirm that the adsorption is selective to the ortho isomer. Breakthrough sim-
ulations for 4-component o-xylene/m-xylene/p-xylene/ethylbenzene in MOF-CJ3
show the hierarchy of breakthroughs to be ethylbenzene, p-xylene, m-xylene, and
o-xylene (Figure S19). This hierarchy is not influenced by the presence of benzene
and toluene in the feed mixture. For comparison with the pulse chromatographic
experiments of Fang et al. 13, we also conducted pulse breakthrough simulations.
The pulse chromatographic simulations (Figure 5.6) indicate that ethylbenzene
and p-xylene peak at nearly the same time, in precise agreement with the ex-
periments. The subsequent breakthroughs of m-xylene and o-xylene are in good
agreement with the experimental data, albeit on a different time scale.

Nicolau et al. [42] report experimental breakthrough data for C8 hydrocarbons
in beds packed with Zn(bdc)dabco, a framework that has two types of intersecting
channels of about 0.75 nm 0.75 nm along the x-axis. The sequence of break-
throughs of xylene isomers is p-xylene, m-xylene, o-xylene. Barcia et al. [43] and
Moreira et al. [44] report breakthrough data for C8 aromatic hydrocarbons in
UiO-66(Zr) a zirconium based metal-organic framework (MOF). Its cubic rigid 3D
pores structure consists of an array of octahedral cavities of diameter 1.1 nm, and
tetrahedral cavities of diameter 0.8 nm. The two types of cages are connected
through narrow triangular windows of approximately 0.6 nm. The sequence of ex-
perimental breakthroughs of xylene isomers is p-xylene, m-xylene, o-xylene. The
adsorption selectivity is in favor of o-xylene; this is mostly likely due to the more
compact configuration of o-xylene that allows preferential location in the smaller
tetrahedral cages of UiO-66. The separation performance is strongly influenced
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Figure 5.7: Xylene separation at 433 K using MAF-X8 (a) equimolar mixture iso-
therms and IAST prediction based on pure component isotherms, (b) simulated step
breakthrough at 25 kPa partial pressure. The IAST prediction is in excellent agree-
ment with the mixture simulations and its validation is important because IAST is the
basis for the breakthrough computations. The mixture and breakthrough simulations
show high p-xylene selectivity combined with a high p-xylene loading in the mixture
(about 2.2 mol/kg at 1 bar). At 433 K the bulk fluid is in the liquid phase if the total
mixture fugacity is higher than about 1 MPa. Our breakthrough simulations operate
at 100 kPa, and therefore are somewhat conservative as regards to the separation.

by intra-crystalline diffusion considerations because of the small windows at the
entrance to the cages.

All the MOFs (MIL-47(V), MIL-53(Al), MOF-CJ3, UiO-66 and Zn(bdc)dabco)
discussed in the foregoing paragraph are selective to the adsorption of o-xylene,
and less suitable for use in industrial practice. Let us turn our attention to MOFs
that have the desired selectivity towards p-xylene.

5.2.2 Para-selective structures

MIL-125(Ti) comprises of two different types of cages: large 1.2 nm octahedral
cages, and small tetrahedral 0.6 nm cages. The two types of cages are connected
through narrow triangular windows of 0.5 nm. Amino-functionalisation of the ben-
zene linker yields MIL-125(Ti)-NH2. Due to the protrusion of the amino groups
in the pore space the pore space of MIL-125(Ti)-NH2 are slightly smaller than in
MIL-125(Ti). The CBMC pure component isotherm for both MIL-125(Ti) and
MIL-125(Ti)-NH2, together with breakthrough simulations (Figure S23 and S27,
respectively), show that these materials have selectivity towards the para isomer.
The experimental data of Vermoortele et al. [45] and Moreira et al. [46, 47] on
breakthroughs of xylene isomers in MIL-125(Ti) and MIL-125(Ti)-NH2, appear
to confirm that these materials have the desirable selectivity towards p-xylene.
However, the breakthrough experiments also show that the selectivity towards p-
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Figure 5.8: Stacking of p-xylene in the MAF-X8 structure. Note that p-xylene is
commensurate in three directions: it fits perfectly lengthwise, it forms two layers that
fit snugly, and along the channel p-xylene stacks in an alternating fashion.

xylene appears to depend on the concentration of ethylbenzene in the feed stream.
Indeed, for a range of feed compositions p-xylene and ethylbenzene breakthrough
at the same time. This indicates that both MIL-125(Ti) and MIL-125(Ti)-NH2

are unlikely to be considered as suitable adsorbents because industrial feed mix-
tures invariably contain a sizable proportion of ethylbenzene. CBMC simulation
data for adsorption C8 hydrocarbons with 1.0 nm square-shaped 1D channels of
Co(BDP) show separation characteristics that are desirable from an industrial per-
spective. The channel dimension is large enough to allow the p-xylene molecules
to align vertically. This leads to a good packing of the para isomer within the 1D
channels. The simulations of the pure component isotherms clearly demonstrate
a higher adsorption loading of p-xylene than any of the other C8 hydrocarbons.
Breakthrough simulations confirm that p-xylene is the last component to emerge
from the fixed bed (Figure S31). Jin et al. [48] have presented isotherm data
for xylene isomers in JUC-77 which is a MOF that has rhombus-shaped channels
running in two perpendicular directions. The size of the channels is such as to
favor only p-xylene that has the smallest width; this results in para-selectivity
in separation. The simulations of pure component isotherms and breakthrough
simulations (Figure S34 and S35) confirm the para selectivity observed in the ex-
periments. Diffusional limitations are expected to be of paramount importance
for JUC-77.

MAF-X8 possesses the right channel dimensions for stacking of para-xylene
to occur. MAF-X8 is a Zn(II) pyrazolate-carboxylate framework whose synthesis
has been reported by He et al. [49]. We observe a high adsorption selectivity of
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Figure 5.9: Comparison of p-xylene selective MOFs, (a) adsorption selectivity vs.
p-xylene capacity, (b) comparison of adsorption selectivity vs. p-xylene cycle time for
various MOFs. The adsorption selectivity is defined as q3/(q1+q2+q4) where 1=o-
xylene, 2=m-xylene, 3=p-xylene, and 4=ethylbenzene. We define the cycle time for
p-xylene as the dimensionless time, τ cycle, at which the concentration of the gas at
the outlet is 99% of the value at the inlet.

p-xylene with respect to o- and m-xylene and ethylbenzene; see mixture isotherm
data in Figure 5.7(a). The IAST prediction of the mixture based on the pure
components is of excellent accuracy as verified by molecular simulations of mixture
adsorption. The breakthrough simulations presented in Figure 5.7(b) confirm the
strong para selectivity. The presence of benzene and toluene in the feed mixture
does not seem to influence the sharp separations that are achievable with MAF-
X8 (Figure S43b). In contrast to CoBDP, MAF-X8 is commensurate with the
structure in all three dimensions. Snapshots shown in Figure 5.8 highlight that
the high selectivity is due to stacking. This raises the question:“How good is
molecular stacking compared to other separation mechanisms?”

Figure 5.9 compares the separation characteristics of materials that are select-
ive to p-xylene adsorption. We note that MAF-X8 has nearly the same adsorption
selectivity as Ba-X, but has a significantly higher capacity to adsorb p-xylene.
This higher capacity of MAF-X8 results in a significantly longer cycle time; this
implies that less frequent regeneration will be required. All other MOFs appear to
be significantly poorer in selectivity as compared to Ba-X and MAF-X8. The other
MOFs are also lower in p-xylene adsorption capacity. This shows that molecular
stacking is able to make (near-) optimal use of the available pore-volume.

5.3 Conclusions

Using state-of-the-art molecular simulation methodologies, we have conducted a
systematic screening of a wide variety of zeolites and metal-organic frameworks
(MOFs) to investigate the possibilities of achieving separation performances that
are superior to Ba-X. Our investigations have highlighted the crucial importance of
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channel dimensions on separations. MOFs such as MIL-47(V), MIL-53(Al), MOF-
CJ3, UiO-66 and Zn(bdc)dabco exhibit selectivity towards o-xylene, a feature that
is not desirable in industrial practice. On the other hand, MAF-X8, Co(BDP),
MIL-125(Ti), MIL-125(Ti)-NH2, MFI, and JUC-77 have the desirable selectivity
towards p-xylene isomers. Of these MOFs, MAF-X8 is particularly noteworthy
because the channel dimensions and geometry allow efficient and commensurate
stacking of p-xylene molecules. Such efficient stacking results in adsorption se-
lectivities that are comparable to that of Ba-X. More importantly, the p-xylene
adsorption capacity of MAF-X8 is significantly higher than that of Ba-X. Con-
sequently, the cycle times for p-xylene are found to be about a factor 4.5 longer
with MAF-X8 and this is expected to result in significant process improvements.
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[43] P. S. Bárcia, D. Guimarães, P. A. P. Mendes, J. A. C. Silva, V. Guillerm,
H. Chevreau, C. Serre, and A. E. Rodrigues, Micropor. Mesopor. Mater. 139,
67 (2011).

[44] M. A. Moreira, J. C. Santos, A. F. P. Ferreira, J. Loureiro, F. Ragon, P. Hor-
cajada, K. E. Shim, Y. K. Hwang, U. H. Lee, J. S. Chang, et al., Langmuir
28, 5715 (2012).

[45] F. Vermoortele, M. Maes, P. Z. Moghadam, M. J. Lennox, F. Ragon, M. Boul-
hout, S. Biswas, K. G. M. Laurier, I. Beurroies, R. Denoyel, et al., J. Am.
Chem. Soc. 133, 18526 (2011).

[46] M. A. Moreira, J. C. Santos, A. F. P. Ferreira, J. Loureiro, F. Ragon, P. Hor-
cajada, P. G. Yot, C. Serre, and A. E. Rodrigues, Langmuir 28, 3494 (2012).

[47] M. A. Moreira, J. C. Santos, A. F. P. Ferreira, J. Loureiro, F. Ragon, P. Hor-
cajada, P. G. Yot, C. Serre, and A. E. Rodrigues, Microporous Mesoporous
Mater. 158, 229 (2012).

[48] Z. Jin, H. Y. Zhao, X. J. Zhao, Q. R. Fang, J. R. Long, and G. S. Zhu, Chem.
Commun. 46, 8612 (2010).

[49] C. T. He, J. Y. Tian, S. Y. Liu, G. Ouyang, J. P. Zhang, and M. Chen, Chem.
Sci. 4, 351 (2013).


