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The separation of mixed Cg alkylaromatic compounds is one
of the most challenging issues in the chemical industry
because of its direct link with PET manufacture, for
example."" Distillation is only feasible for the removal of o-
xylene; it fails for the other Cg alkylaromatic compounds
because of the similarity of their boiling points (p-xylene:
138°C, m-xylene: 138-139°C, and ethylbenzene: 136°C).['<]
Besides crystallization, which has a poor efficiency, adsorp-
tion is widely used to separate Cg alkylaromatic isomers, for
example, in Parex or Ebex units in which simulated moving-
bed processes are used for the recovery of para-xylene and
ethylbenzene.'™ Zeolites X and Y exchanged with cations
such as Na®, K", and Ba*' discriminate very selectively
between the different Cg alkylaromatic isomers and are
nowadays used as industrial adsorbents.!"**]

Metal-organic frameworks (MOFs) are a new class of
microporous crystalline materials and currently receive much
attention in regard to adsorption applications.”*®! The mainly
organic character of the inner surface of MOFs offers
unprecedented potential for enhancing and fine-tuning the
affinity for aromatic adsorbates. For example, para-xylene is
selectively included inside a zinc 2,6-naphthalene dicarbox-
ylate during its synthesis.®® Different affinities for para-
xylene and ortho-xylene are observed in a zinc terephthalate
MOFE.® The present study demonstrates the first successful
use of MOFs as selective adsorbents for the extremely
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difficult and industrially relevant separations of para-xylene
versus meta-xylene and para-xylene versus ethylbenzene.

From the series of MOFs that were screened for the
separation of mixed C; alkylaromatic compounds, three
materials will be discussed. [Cu;(BTC),] (BTC=1,3,5-ben-
zenetricarboxylate) has a three-dimensional pore structure
with easily accessible Cu" sites and BTC ligands as potential
adsorption sites.”® The one-dimensional pores of the isotypic
materials MIL-53 ht and MIL-47 are lined with terephthalate
ligands and hydroxy or oxo groups which are connected by
coordinatively saturated AI*", Cr** (MIL-53 ht), or V*" ions
(MIL-47).2%1 Both structures were fully characterized by
Férey and co-workers, who disclosed an impressive series of
MOFs with new topologies.“*#! MIL-53ht and MIL-47 show
high thermal stability and have already been investigated as
adsorbents for H,, CO,, and CH,.*!! The lattice constants of
MIL-47 undergo clear changes upon adsorption of thiophene,
acetone, or aniline.[*"

First, the competitive adsorption equilibria of liquid
mixtures of two Cg alkylaromatic compounds in hexane
were studied with [Cuy(BTC),], MIL-47, and MIL-53(Al) ht
as adsorbents (Table 1). The orders of preference strongly
vary between the adsorbents. [Cus(BTC),] displays low

Table 1: Selectivities a; calculated from the uptake from mixtures of
binary Cg alkylaromatic compounds from hexane by MOF adsorbents in
batch experiments.”!

Adsorbent j
i ortho- meta- para- Ethyl-
Xylene  Xylene  Xylene  benzene
[Cu;(BTC),] ortho-xylene - 0.4 0.7 0.7
meta-xylene 2.4 - 1.1 1.4
para-xylene 1.4 0.9 - 1.2
ethylbenzene 1.4 0.7 0.8 -
MIL-53(Al)ht  ortho-xylene — 2.7 3.5 10.9
meta-xylene 0.4 - 1.2 3.8
para-xylene 0.3 0.8 - 3.1
ethylbenzene 0.1 0.3 0.3 -
MIL-47 ortho-xylene  — 2.0 1.4 10.9
meta-xylene 0.5 - 0.4 4.2
para-xylene 0.7 2.9 - 9.7
ethylbenzene 0.1 0.2 0.1 -

[a] Numbers express the selectivity o for the compound i in the second
column over the compound j in the top row; 2 mmol of each Cg
compound (0.028 M in hexane) was offered per gram of adsorbent.
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selectivities except for meta-xylene versus ortho-xylene. This
material later serves as a reference adsorbent that provides
poor selectivity. By contrast, MIL-53(Al)ht and MIL-47
discriminate much better between Cg alkylaromatic com-
pounds. Their preference for para-xylene over ethylbenzene
is striking. Interestingly, MIL-47 also prefers para-xylene over
meta-xylene, with a selectivity of 2.9:1, while MIL-53(Al)ht
hardly discriminates between these isomers.

These promising results obtained with MIL-47 inspired us
to test the separation of Cg alkylaromatic compounds in a
continuous-flow setup, using a column packed with MIL-47
crystals. In a breakthrough experiment a hexane solution
containing equimolar amounts (0.047M) of para-xylene and
meta-xylene was pumped through the adsorbent bed at a flow
rate of 0.5mLmin"'. Figure 1a shows the breakthrough
profile of this mixture. After an initial phase during which
para-xylene and meta-xylene are both fully absorbed by MIL-
47, a roll-up effect is observed: the displacement of meta-
xylene by para-xylene, which is more strongly adsorbed,
results in eluant concentrations of meta-xylene temporarily
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Figure 1. Breakthrough experiments with binary 0.047 m solutions of Cg
alkylaromatic compounds in hexane on a 5-cm column filled with MIL-
47 at 298 K: effluent concentrations C of: a) para-xylene and meta-
xylene and b) para-xylene and ethylbenzene as a function of the eluted
volume.

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

surpassing those of the feed. An analogous roll-up is found
when a mixture of para-xylene and ethylbenzene is pumped
through the column (Figure 1b). The average selectivities
calculated from these breakthrough profiles were 2.5:1 for
the separation of para-xylene and meta-xylene, and 7.6:1 for
the separation of para-xylene and ethylbenzene. Hexane
proved to be a suitable desorbent for regeneration of the
column between the different experiments. A similar MIL-47
column can also be used in a pulse chromatographic experi-
ment, in which a ternary mixture of ethylbenzene, meta-
xylene, and para-xylene is injected into hexane flowing at
4 mLmin"! through the column. Three well-separated peaks
are obtained in the chromatogram, with para-xylene again
being most strongly held by the adsorbent (Figure 2).
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Figure 2. Chromatographic separation of a mixture of ethylbenzene,
meta-xylene, and para-xylene on a column packed with MIL-47 in the
liquid phase, with hexane as the desorbent at 298 K. The signal
intensity of the refractive index detector is shown versus the eluted
volume.

Selectivities were 3.1:1 for para-xylene versus meta-xylene,
and 9.7:1 for para-xylene versus ethylbenzene. These results
are in reasonable agreement with results obtained from
competitive batch adsorption (Table1), and remained
unchanged over a range of flow rates (2 to 5 mLmin}).

The zero coverage adsorption enthalpies measured in the
gas phase are nearly identical for all C; alkylaromatic
compounds (see the Supporting Information). The observed
selectivities in the liquid phase therefore cannot be a
consequence of different interaction energies between the
MIL-47 framework and the adsorbed molecules, but rather
result from molecular packing effects inside the sterically
confining environment of the MIL-47 pore system.’** The
critical role of adsorbate packing was confirmed by measuring
room-temperature isotherms for the adsorption of the
individual Cg alkylaromatic compounds from a hexane
solution (Figure 3). The isotherms for para-xylene and
ortho-xylene reach a plateau of 35-37 wt %, which shows
that para-xylene is packed more easily and efficiently inside
the MIL-47 pores than is meta-xylene or ethylbenzene. This
finding is also reflected in competitive batch adsorption
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Figure 3. Single-compound adsorption on MIL-47 in batch mode at
298 K: uptake g of C; alkylaromatic compounds from hexane as a
function of the bulk phase concentration.

experiments using 1:1 mixtures of para-xylene and meta-
xylene over a range of bulk concentrations (Figure 4a).
Selectivities are already significant at low bulk phase con-
centrations of para-xylene and meta-xylene and steadily
increase up to values higher than 10:1 at higher concentra-
tions. A similar exclusion is observed in the co-adsorption of
para-xylene and ethylbenzene: the dominant adsorption of
para-xylene practically inhibits uptake of ethylbenzene (Fig-
ure 4b). These results are fully in line with the roll-up effects
seen in the breakthrough experiments (Figure 1).

The adsorbates were located inside the MIL-47 host by
Rietveld refinements of the X-ray powder diffraction patterns
of MIL-47 samples saturated with each of the aromatic
compounds (Figure 5). While changes in the lattice constants
of MIL-47 upon adsorption of guests have been observed
before, ™! the adsorption of para-, ortho-, or meta-xylene
induces hardly any changes in the lattice constants compared
with the calcined and relaxed material. Structure refinement
of the xylene-loaded samples (Figure 5a-c) shows that the
molecules fill the structure pairwise. Moving down the
channels in the a direction of a theoretically fully loaded
structure, one encounters a xylene pair in every unit cell, that
is, every 6.81 A. Four different positions are available for each
pair within one channel; these positions are symmetrically
equivalent. However, they cannot be simultaneously occu-
pied because of steric effects (see the Supporting Informa-
tion). The major difference between the molecular arrange-
ments of the three xylene isomers is the relative alignment of
the aromatic planes of the molecules within a pair. For para-
xylene, the benzene rings in a pair are almost perfectly
parallel, with staggered methyl groups (Figure 5a). This
parallel orientation is indicative of a strong m—m interaction
between the para-xylene molecules. The interaction of
adsorbed para-xylene molecules with the terephthalate
ligands in the pore walls seems much weaker. This weak
interaction is in line with the negligible changes in the lattice
constants upon filling of the pores with para-xylene. No
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Figure 4. Competitive adsorption on MIL-47 in batch mode: uptake q
from: a) a mixture of para-xylene and meta-xylene and b) a mixture of
para-xylene and ethylbenzene in hexane as a function of the bulk phase
concentration. Selectivities a calculated from the data points are given
on the right axis.

evidence for long-range order has been found, either along
the channels or between the channels. Structure refinement of
MIL-47 crystals loaded with ortho-xylene reveals that the
stacking of these isomers is analogous to that found for para-
xylene, but ring alignment is slightly less effective (Figure 5b).
However, when the pores are filled with pairs of meta-xylene
molecules, a steric interaction arises between an aromatic ring
of one molecule and a methyl group of a molecule in the
neighboring unit cell in the a direction. This interaction
causes a tilt and a turn of the aromatic molecules (Figure 5c¢).
To achieve a similar dense packing as observed for para-
xylene, the small value of the lattice constant a forces the two
aromatic rings within the meta-xylene pair away from the
mutually most favorable alignment for m—m interactions. This
arrangement readily explains the less-efficient packing of
meta-xylene in comparison to para-xylene sorption.

The lattice constants undergo a major change upon
adsorption of ethylbenzene (Figure 5d). The ethyl group
prevents a similar planar alignment of two ethylbenzene
molecules within the confinement of the channel. Surpris-
ingly, the methyl groups of the alkyl chains are found in
proximity to three lattice oxygen atoms in the corners of the
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Figure 5. Structure refinements of MIL-47 crystals loaded with different C, alkylaromatic compounds: packing in the pores of a) para-xylene;
b) ortho-xylene; c) meta-xylene; d) ethylbenzene (gray = carbon, red =oxygen, pink=vanadium; hydrogen atoms have been omitted for clarity). All
refinements were made in Pnma; note that only one of the symmetry-generated molecule positions is shown (see the Supporting Information).

rhombic channel. This arrangement suggests an interaction
between the protons of the CH; group and the terephthalate
ligands, thus causing the change in the lattice constants by
widening the corresponding channel angle. No m—x interac-
tion between ethylbenzene molecules or between ethylben-
zene molecules and the framework is apparent from the
structure, which together with the lattice distortion, readily
explains the lower uptake observed in the isotherm
(Figure 3).

We have described the adsorption and separation of a
mixture of Cg alkylaromatic compounds on [Cu;(BTC),],
MIL-53(Al)ht, and MIL-47 in the liquid phase. Of these
materials, MIL-47 is clearly the most promising adsorbent and
displays high selectivities. The potential of MIL-47 for real
separations of C; alkylaromatic compounds was demon-
strated by breakthrough and chromatographic experiments.
In comparison with the currently used zeolites, the remark-
able properties of MIL-47 are its high uptake capacity and its
hydrophobic nature, which are advantageous for its future
application in adsorption processes.

Experimental Section

[Cuy(BTC),] and MIL-53(Al)ht were synthesized according to
literature procedures.*®’ MIL-47 was hydrothermally synthesized
based on a literature procedure!®”! and calcined in a shallow bed in air
at 300°C for 21.5 h; the obtained material has a pore volume of
0.32mLg™! and a specific surface of 800 m?’g~'. Orthorhombic
crystals ranging from 0.25 to 2.0 um were observed by scanning
electron microscopy (SEM). Batch experiments were performed in
small vials loaded with adsorbent. A 5-cm stainless-steel column
placed in an HPLC apparatus was used for pulse and breakthrough
experiments. Gas-phase adsorption at low degrees of pore filling was
studied using the pulse chromatographic technique with a 15-cm
column packed with pellets of MIL-47.7) Further details about
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procedures and calculations of selectivities, Henry adsorption con-
stants, and adsorption enthalpies are given in the Supporting
Information. Rietveld refinements were performed using the GSAS
software®! and are described in more detail in the Supporting
Information. CCDC-632101-632104 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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