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Abstract: The development of energy-efficient processes for
selective separation of p-xylene from mixtures with its isomers
is of vital importance in the petrochemical industries. Current
industrial practice uses BaX zeolite that has high adsorption
selectivity for p-xylene. Finding para-selective structures is
challenging. With state-of-the-art simulation methodologies we
systematically screened a wide variety of zeolites and metal–
organic frameworks (MOFs). Our investigations highlight the
crucial importance of the channel dimension on the separation.
MAF-X8 is particularly noteworthy because the channel
dimensions and geometry allow “commensurate stacking”
which we exploit as a separation mechanism at saturation
conditions. Due to a significantly improved capacity compared
to BaX, the cycle times for p-xylene with MAF-X8 are found to
be about a factor of 4.5 longer. This is expected to result in
significant process improvements.

The separation of C8 aromatic hydrocarbons is of great
importance in the petrochemical 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 require-
ments of 99 % + for terephthalic acid or dimethyl tereph-
thalate production, whose end-use includes 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
(Figure 1). 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 microporous materials is an energy efficient
alternative to fractional crystallization.[4] In industrial pro-
cessing, the feed to the xylene separation unit is most
commonly in the liquid phase, and the operation is performed
under conditions of pore saturation. At these conditions,
differences in saturation capacity are of great importance in
determining separations (as explained in detail in Section S5).
Because of the low p-xylene content of the feed it is often
easier to reach a high productivity with p-xylene-selective
adsorbents.[4]

Thanks to early simulation work on xylenes in zeolites, for
example by Snurr et al.,[5] molecular simulations have now
suffiently evolved in speed and accuracy that large-scale
screening studies have become feasible. Moghadam and
D�ren[6] 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 chan-
nel-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 the current
technology (BaX zeolite adsorbent used in UOP Parex and
IFP Eluxyl, which employ simulated moving beds[4, 7, 8]), 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”.

Commensurate stacking is much like stacking books on
a bookshelf. Figure 1 shows 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 dimen-
sions 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 commen-
surate layers and will therefore have a lower saturation
loading. The strategy we adopt in this work is to exploit
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differences in the stacking efficiencies of C8 aromatic hydro-
carbons within the MOF channels.

Ortho-selective structures : The adsorption of ethylben-
zene as well as o-, m-, and p-xylenes within the one-
dimensional, lozenge-shaped rhombohedric channels of
MIL-47(V) of approximately 0.85 nm was considered.
Adsorption within the channels of MIL-47(V) favors o-
xylene because the molecules can most effectively stack along
the channel length.[9,10] Essentially, MIL-47(V) offers the
appropriate “bookshelf” structure that is required to opti-
mally stack o-xylene molecules[8] (see Figure 2). Note that the
channel dimensions of MIL-47(V) (and also of MIL-53, to be
discussed next) is not large enough to allow p-xylene to stack
vertically; these molecules align obliquely along the channel
length (Figures S9a and S13a, respectively).

Breakthrough simulations for four-component o-xylene/
m-xylene/p-xylene/ethylbenzene (Figure S11a) show the

sequence of breakthroughs in a fixed-bed adsorber as ethyl-
benzene, p-xylene, m-xylene, and o-xylene. This is in agree-
ment with the experimental breakthroughs reported by Finsy
et al.[11] The computed six-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.

The framework structure of MIL-53(Al) is similar to that
of MIL-47(V). The sequence of breakthroughs (Figure S15) is
in qualitative agreement with experiments of Remy et al.[12]

Their work indicates that guest-induced structural changes of
MIL-53(Al) also have to be considered in quantitative
modeling of the breakthrough characteristics.

Fang et al.[13] report pulse-breakthrough simulations for
four-component o-xylene/m-xylene/p-xylene/ethylbenzene in
MOF-CJ3 that clearly indicate adsorption selectivity toward
o-xylene. MOF-CJ3 has square channels of approximately
0.8 nm size. The rationalization of o-xylene-selective adsorp-
tion 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
simulations for four-component o-xylene/m-xylene/p-xylene/
ethylbenzene in MOF-CJ3 show the hierarchy of break-
throughs 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 simu-
lations. The pulse-chromatographic simulations (Figure S3)
indicate that ethylbenzene and p-xylene peak at nearly the
same time, in precise agreement with the experiments. 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.[14] 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
breakthroughs of xylene isomers is p-xylene, m-xylene, and o-
xylene.

B�rcia et al.[15] and Moreira et al.[16] report breakthrough
data for C8 aromatic hydrocarbons in UiO-66(Zr), a zirco-
nium-based metal–organic framework (MOF). Its cubic rigid
3D pore structure consists of an array of octahedral cavities
with 1.1 nm diameter, and tetrahedral cavities with 0.8 nm
diameter. The two types of cages are connected through
narrow triangular windows of approximately 0.6 nm. The
sequence of experimental breakthroughs of xylene isomers is
p-xylene, m-xylene, and o-xylene. The adsorption selectivity is
in favor of o-xylene; this is most 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 by intracrystal-
line 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 for the adsorption of o-xylene, and less suitable

Figure 1. Schematic representation of “commensurate stacking” of
xylenes in rectangular channels. The yellow arrows denote the charac-
teristic 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.

Figure 2. Snapshot of o-xylene in MIL-47 at 433 K. MIL-47 offers
a 0.85 nm “bookshelf” which optimally stacks molecules that are
commensurate with this dimension (i.e. o-xylene).
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for use in industrial practice. Let us turn our attention to
MOFs that have the desired selectivity towards p-xylene.

Para-selective structures : MIL-125(Ti) comprises of two
different types of cages: larger 1.2 nm octahedral cages, and
smaller tetrahedral 0.6 nm cages. Those are connected
through narrow triangular windows of 0.5 nm. Amino func-
tionalization of the benzene 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 is slightly smaller than
that 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.[17] and Moreira
et al.[18, 19] 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-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-124(Ti)-NH2 are unlikely to be considered as
suitable adsorbents because industrial feed mixtures invar-
iably contain a sizable proportion of ethylbenzene.

CBMC simulation data for the adsorption of C8 hydro-
carbons in 1.0 nm square-shaped 1D channels of Co(BDP)
show separation characteristics that are desirable from an
industrial perspective. 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.[20] 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 break-
through simulations (Figures S34 and S35) confirm the para
selectivity observed in the experiments. Diffusional limita-
tions are expected to be of paramount importance for JUC-
77.

MAF-X8 possesses the right channel dimensions for the
stacking of para-xylene to occur. MAF-X8 is a ZnII pyrazo-
late-carboxylate framework whose synthesis has been
reported by He et al.[21] We observed a high adsorption
selectivity of p-xylene with respect to o- and m-xylene and
ethylbenzene; see mixture isotherm data in Figure 3 a. The
ideal adsorption solution theory (IAST) prediction of the
mixture equilibrium based on the pure components is of
excellent accuracy as verified by molecular simulations of
mixture adsorption. The breakthrough simulations presented
in Figure 3b 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 coordinate
directions. Snapshots (Figure 4) 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 compares the separation characteristics of mate-
rials that are selective to p-xylene adsorption. We note that
MAF-X8 has nearly the same adsorption selectivity as BaX,
but has a significantly higher capacity to adsorb p-xylene. This
higher capacity of MAF-X8 results in a significantly longer
cycle time, which implies that less frequent regeneration will
be required. All other MOFs appear to be significantly poorer
in selectivity as compared to BaX 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.

Using state-of-the-art molecular simulation methodolo-
gies, we have systematically screened a wide variety of

Figure 3. Xylene separation at 433 K using MAF-X8. a) Equimolar
mixture isotherms and IAST prediction based on pure component
isotherms. b) Simulated step breakthrough at 25 kPa partial pressure.
The IAST prediction is in excellent agreement 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 molkg�1 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 with regard to
separation.
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zeolites and metal–organic frameworks (MOFs) to investi-
gate the possibilities of achieving separation performances
that are superior to BaX. Our investigations have highlighted
the crucial importance of 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 fea-
ture 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
selectivities that are comparable to that of BaX. More
importantly, the p-xylene adsorption capacity of MAF-X8 is
significantly higher than that of BaX. Consequently, the cycle
times for p-xylene are found to be about a factor of 4.5 longer
with MAF-X8 and this is expected to result in significant
process improvements.

Experimental Section
The adsorption computations are performed using the configura-
tional-bias Monte Carlo (CBMC), continuous fractional component
Monte Carlo (CFCMC),[22] and configurational-bias continuous frac-
tional component Monte Carlo (CB/CFCMC)[23] algorithms in the
grand-canonical ensemble. The systems are modeled in full atomistic
detail (all atom model) using classical force fields:[24] OPLS for the
adsorbents, DREIDING for the MOFs, and TraPPE for the zeolites.

Using the dual-site Langmuir–Freundlich fits of the pure
component isotherms, breakthrough calculations were carried out
by solving a set of partial differential equations for each of the species
in the gas mixture.[25]
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