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Abstract: Vapor-phase adsorption and separation of the C8 alkylaromatic components p-xylene, m-xylene,
o-xylene, and ethylbenzene on the metal—organic framework MIL-47 have been studied. Low coverage
Henry adsorption constants and adsorption enthalpies were determined using the pulse chromatographic
technique at temperatures between 230 and 290 °C. The four C8 alkylaromatic components have
comparable Henry constants and adsorption enthalpies. Adsorption isotherms of the pure components
were determined using the gravimetric technique at 70, 110, and 150 °C. The adsorption capacity and
steepness of the isotherms differs among the components and are strongly temperature dependent.
Breakthrough experiments with several binary mixtures were performed at 70—150 °C and varying total
hydrocarbon pressure from 0.0004 to 0.05 bar. Separation of the different isomers could be achieved. In
general, it was found that the adsorption selectivity increases with increasing partial pressure or degree of
pore filling. The separation at a high degree of pore filling in the vapor phase is a result of differences in
packing modes of the C8 alkylaromatic components in the pores of MIL-47.

Introduction

Xylenes are formed by toluene disproportionation, pyrolysis
of gasoline, and catalytic reforming of naphtha.' The xylene
product stream consists of four isomers: o-xylene (0X), m-xylene
(mX), p-xylene (pX), and ethylbenzene (EB). All isomers are
further processed to form a variety of products. pX, the isomer
with the broadest commercial use, is used as the raw material
in the manufacture of polyethylene terephtalate (PET), which
in turn is used to produce polyester fibers, resins, films, and
blown beverage bottles. 0oX is used to produce phthalic
anhydride, employed as plasticizer. mX is used to produce
isophthalic acid, which is gaining broader acceptance in PET
resin blends, or can be isomerized (into the other isomers), and
EB finally is used to obtain styrene.

Because of the economic importance and the different
downstream processing of the isomers, high purity, high
recovery, and high capacity are of principal interest in the xylene
separation process, with typical values of respectively 99.9%,
96%, and over 21.4 million metric ton per year of pX in 2001.%

Because of the close matching of boiling points, separation
of xylene isomers cannot be obtained by distillation, except for
0X. Currently, two methods are used to achieve molecular
separation: adsorption and crystallization. Recently a hybrid
crystallization/adsorption process has been developed.! About
40% of the worldwide pX production is obtained through
crystallization and 60% through adsorption.

 Vrije Universiteit Brussel.
* Katholieke Universiteit Leuven.
(1) Minceva, M.; Rodrigues, A. E. AIChE J. 2007, 53 (1), 138.
(2) Mohameed, H. A.; Jdayil, B. A.; Takrouri, K. Chem. Eng. Process.
2007, 46 (1), 25.

7110 m J. AM. CHEM. SOC. 2008, 130, 7110-7118

For the separation through adsorption, the simulated moving
bed technology is used.>”” In this way continuous streams of
pure pX, mX, oX, or EB can be obtained. Industrially, xylenes
are separated at around 180 °C and 9 bar.'

In state of the art technology, faujasite zeolites, exchanged
with Na™, K*, and Ba®*, are the only adsorbents used in the
bulk-phase separation of the C8 alkylaromatic components.®
Regarding the mechanism of xylene isomer separation on these
microporous faujasites, it was shown that selectivity is deter-
mined by (i) the nature of the exchangeable cation, (ii) the
composition of the mixture, (iii) the degree of pore filling, and
(iv) the presence of small polar molecules like water.®

According to Kulprathipanja et al. and Iwayama et al., the
selective adsorption of xylene isomers on faujasite zeolites is
affected by the ionic potential of the exchanged cation. The
isomer with the highest base strength, mX, is selectively
adsorbed on the more strongly acid zeolite (NaY). Less strongly
acid zeolites (KY, BaY, BaX, and KBaY) selectively adsorb
the isomer having the lowest base strength, pX.°>~'2

(3) Ash, G.; Barth, K.; Hotier, G.; Mank, L.; Renard, P. Rev. Inst. Fr.
Petrol. 1994, 49 (5), 541.

(4) Broughton, D. B.; Chicago; Gerhold, C. G. U.S. Patent 2,985,589,
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For the adsorption of pX and mX on BaY and NaY, Cottier
et al. observed two selective adsorption processes according to
the degree of pore filling. For a filling degree lower than two
molecules per supercage, the selectivity depends on the com-
position of the mixture: the Y zeolite is selective for the more
abundant isomer in the initial adsorptive mixture, whatever the
exchangeable cation. For filling higher than two molecules per
supercage, the selectivity depends on the exchangeable cation:
BaY selectively adsorbs pX whereas NaY selectively adsorbs
mX."? This is in agreement with the powder neutron diffraction
data of Melot et al. who observed a significant molecular
rearrangement of adsorbed mX molecules when coverage is
increased above two molecules per supercage in BaX zeolite.
This molecular rearrangement is due to intermolecular interac-
tions and has the goal to minimize the intermolecular
repulsion.'*'> Altogether, the confinement of the xylene isomers
in a nanoscaled pore system seems necessary to achieve
differences in adsorption between the different isomers which
are large enough for a bulk-phase separation process to become
economically viable.

A new class of micro- and mesoporous solids is formed by
metal—organic frameworks (MOFs). MOFs are metal—ligand
components that extend infinitely in one, two, or three dimen-
sions and in which the ligand has to be a bridging organic group.
Initially MOFs gained a huge amount of interest because of
theirexpected large hydrogen and methane adsorption capacities.'®'”-
Most reports on adsorption in MOFs are limited to single-
component measurements of small gases such as acetylene, CO»,
N,O, and N, and a number of small molecules (CCly, CHCl3,
CgH 2, C¢Hg, methanol, and ethanol).'®! Only a few studies
cover selective adsorption and use of MOFs in adsorptive
separations. The potential use of MOFs for separation of alkane
mixtures,>> 2’ for the adsorptive removal of CO, and N,O from
air,”® for the purification of CO,—methane mixtures,”*' for
enantioselective adsorption,32 for the selective adsorption of

organosulfur components;** for natural-gas cleanup, and as an
efficient material for drug delivery®* has been reported.

Only recently, the metal—organic framework MIL-47 was
found to be a very effective adsorbent for the liquid-phase
separation of p-xylene from the other xylene isomers.” MIL-
47 is a porous terephthalate built from infinite chains of V*"Og
octahedra, held together by the dicarboxylate groups of the
terephthalate linkers.*® In this way a three-dimensional mi-
croporous framework with one-dimensional diamond-shaped
channels with free internal diameter of about 0.85 nm is formed
(see Figure 1). Every unit cell contains two channel segments.

In liquid-phase conditions, the selectivity in xylene isomer
adsorption arises from differences in molecular arrangements
of the adsorbed molecules in the pores of MIL-47. This was
shown by Rietveld refinements of the X-ray powder diffraction
patterns of MIL-47 samples saturated with each of the isomers
at room temperature and in the liquid phase.” In such
conditions, molecular packing effects become critical, given the
very limited available space and freedom in the micropore.*”~*>

In the present work, adsorption and separation of xylene
isomers on MIL-47 is studied under vapor conditions where
the pores are less densely packed with xylene molecules. The
effect of the pore-filling degree on separation efficiency is
analyzed by performing breakthrough adsorption experiments.

Experimental Section

Material Synthesis and Characterization. MIL-47 was syn-
thesized according to the method of Barthelet et al.*® After
synthesis, the excess terephthalic acid in the pores was removed
by high temperature treatment at 300 °C in air. Orthorhombic
crystals with diameters ranging from 0.25 to 2.0 um were observed
by scanning electron microscopy. XRD analysis of the samples
revealed that the material is phase-pure MIL-47, without appreciable
MIL-47as (as synthesized) or V,0s. The micropore volume as
determined from nitrogen adsorption isotherms at the temperature
of liquid nitrogen using the Dubinin—Raduskevitch method was
0.36 mL/g.
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Figure 1. The MIL-47 framework with octane (orange), p-xylene (purple), and ethylbenzene adsorbed inside its unidimensional pores (grey lines indicate

the borders of a unit cell).

Pulse Gas Chromatography. Zero coverage adsorption proper-
ties were determined using the pulse gas chromatographic method.
Experiments were performed with n-pentane, n-hexane, n-heptane,
n-octane, benzene, toluene, ethylbenzene, and o-, m-, and p-xylene.
Stainless steel columns of 30 cm with internal diameters of 0.2159
cm were packed with binderless pellets of 500 to 630 um. Prior to
the measurements, the MIL-47 material was activated by heating
to 300 °C at a heating rate of 1 °C/min in helium flow and keeping
this final temperature over 10 h. Liquid pulses of 0.02 uL of the
investigated components were injected in an inert carrier gas, He,
flowing through a chromatographic column filled with MIL-47
pellets. At the column outlet, the response curve was measured
with a thermal conductivity detector. Chromatograms were mea-
sured from 230 to 290 °C. Absence of diffusion limitations was
verified by changing the carrier gas flow rate. Injections of different
hydrocarbon volumes demonstrated that the experiments were
performed in the linear part (Henry region) of the adsorption
isotherm. Henry adsorption constants were calculated using the
methods of moments.** Adsorption enthalpies were calculated from
the temperature dependence of the Henry adsorption constants using
the van’t Hoff equation.

According to a localized adsorption model, the relationship
between Henry adsorption constant K', adsorption enthalpy AH,’,
and adsorption entropy AS % joca takes the following form:*+°

K’ =Kore*AH0/RT (1)

with:

AS, © n
0.local + ll’l(—T)] (2)
R 2179

(43) Hufton, J. R.; Danner, R. P. AIChE J. 1993, 39 (6), 954-961.

(44) Katsanos, N. A.; Kapolos, J.; Gavril, D.; Bakaoukas, N.; Loukopoulos,
V.; Koliadima, A.; Karaiskakis, G. J. Chromatogr. A 2006, 1127 (1—
2), 221-2217.

(45) Ocakoglu, R. A.; Denayer, J. F. M.; Marin, G. B.; Martens, J. A.;
Baron, G. V. J. Phys. Chem. B 2003, 107 (1), 398-406.
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The subscript 0 refers to the zero coverage limit, p? refers to the
standard state of the gas phase (1 atm), and ny equals the number of
adsorption sites. Thus, a plot of the preexponential factor of the van‘t
Hoff equation —In Ky’ versus —AH, reveals the relationship between
adsorption entropy and adsorption enthalpy, or in other words the
freedom lost for a given energetic interaction inside the pore system.

Breakthrough Experiments. Breakthrough experiments were
performed using several chromatographic columns packed with
MIL-47 pellets and with lengths of 15 or 30 cm and an internal
diameter of 0.2159 or 0.4218 cm. A continuous total flow of 23 to
28 N mL/min. consisting of vaporized C8 alkylaromatic components
in helium was generated by flowing He through metal reservoirs
containing the liquid components. In order to control the vapor
pressure, these reservoirs were conditioned in thermostatic baths.
To obtain very low vapor pressures, the alkylaromatic—He stream
could be diluted with He before entering the column. Doing so,
total alkylaromatic partial pressures between 0.0004 and 0.05 bar
were obtained at the column inlet. The gas stream at the outlet of
the column was analyzed online with a gas chromatograph (GC)
equipped with an automatic gas injection valve. A Stabilwax
(crossbond Carbowax-PEG) column (Restek) with a length of 15 m,
internal diameter of 250 ym and film thickness of 0.5 um was used
for the separation of the xylene mixture. Depending on the vapor
pressure and the composition of the mixture, the concentration of
the xylene isomers in the effluent could be measured every 1—2
min. Breakthrough experiments were performed at temperatures
from 70 to 150 °C and at xylene partial pressures from 0.0002 to
0.02 bar.

The hydrocarbon partial pressure p; is calculated with the Wagner
equation:*°

ln(%) =(1—x) '[(VPA)x+ (VPB)x'” + (VPCO)x* + (VPD)x°]
(3)
with:
x=1- TZ )
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Figure 2. Chromatograms of Cg alkylaromatic components on MIL-47 at
270 °C.

P, refers to the critical pressure in bar, T and 7, the temperature
and the critical temperature, respectively, in Kelvin, VPA, VPB,
VPC, and VPD constants, all tabulated in reference.*®

The adsorbed amounts ¢; are calculated by integrating the
experimental breakthrough curves. Since in the breakthrough
experiment, the partial pressure of the adsorbing components varies
during the experiment as a result of the ongoing adsorption process,
only an apparent or average separation factor can be obtained. An
average separation factor @, for a binary mixture of components i
and j, is defined as:

)
_\bi

o= 5)
9
(Pj)

Vapor-Phase Isotherms. Vapor-phase adsorption isotherms were
measured with the gravimetric technique using dedicated equipment
of the VTI Corporation (Hialeah, FL). A reservoir, filled with the
liquid hydrocarbon, is held at constant temperature through Peltier
elements. He bubbling through the container entrains the organic
vapor. This He—organic vapor streams continuously flows over the
MIL-47 sample positioned in a sample holder connected to the
microbalance. Adsorption isotherms of all C8 alkylaromatic
components were determined at 70, 110, and 150 °C by weighing
the xylene uptake at different partial pressures after activation of
the MIL-47 sample by heating to 200 °C at a heating rate of 1
°C/min. This final temperature was kept until equilibrium was
reached, with a maximum duration of 120 min.

Results

Low Coverage Adsorption Properties. Chromatograms ob-
tained after injection of the individual C8 alkylaromatic isomers
on a MIL-47 column at 270 °C are presented in Figure 2. Only
small differences were observed with retention times differing
maximally 27%. m- and pX, which are retained equally, elute
first, followed by EB. oX is retained the longest. This order of
elution of the C8 alkylaromatic components on the MIL-47
column does not follow the order of boiling points (EB: 136
°C < pX: 138 °C < mX: 139 °C < oX: 144 °C) as would be
the case on a typical aspecific analytical chromatographic
column. These differences in boiling points are so small that
highly specific analytical columns have to be used for the
separation of xylene isomers. Commercially available columns
for xylene separation have stationary phases containing bound
polyethylene glycol H(OCH,CH,),OH which interact very
strongly with polar components. The backbone O is responsible

(46) Poling, B. E.; Prausnitz, J. M.; O’Connel, J. P. The Properties of Gases
and Liquids, 5th ed.; McGraw-Hill Book Company: New York, 2000.

Table 1. Henry Constants (at 270°C) and Adsorption Enthalpy of
All Cg Alkylaromatic Components and n-Octane?

Tooi (°C) K270 (mol/kg/Pa) —AHy (kJ/mol)
ethylbenzene 136 25x 107 59.7+£0.5
o-xylene 144 29 x 107* 59.6 £ 0.7
m-xylene 139 2.1 x107* 59.7 £0.7
p-Xylene 138 22x107* 61.2+04
n-octane 126 22 x107* 65.7 £ 0.6
o-xylene USY” 6.0 x 1072 653+ 3.1
n-octane USY” 25x%x107° 56.5£0.5

“ Data for n-octane and o-xylene on USY zeolite (Si/Al 30) are added
as reference. ” From: Ph.D. dissertation Joeri Denayer, Vrije Universiteit
Brussel, Belgium, Sept 1998, pp. 79.

-7
© ethylbenzene <D>

— 0 o-xylene 2
o) A mexylene
o O p-xylene o
3 <
S 8 ;
£ o
— <
X 2
c [m]
- <o

oL 8

0.00175 0.0018 0.00185 0.0019 0.00195 0.002

1/T (1/K)

Figure 3. van’t Hoff plot of ethylbenzene (<), o-xylene (O), m-xylene
(A), and p-xylene (O) on MIL-47.

for a strong dipole interaction with the xylene isomers. For
example, with the analytical column used in this work (Stabil-
wax) the order of elution was EB < pX < mX < oX, which
indeed corresponds to the order of boiling points. Apparently,
a different adsorption mechanism prevails on the MIL-47
material.

Henry constants calculated from the experimental chromato-
grams of the C8 alkylaromatic isomers are reported in Table 1,
together with the boiling points. For comparison, the Henry
constant of n-octane on MIL-47 and oX and n-octane on a USY
faujasite zeolite are added. In absolute terms, MIL-47 has Henry
constants which are one to two orders larger in comparison to
the USY zeolite and the mesoporous MCM-48. Henry constants
of the C8 alkylaromatic isomers are comparable to the one of
n-octane on MIL-47 whereas on USY, the Henry constant of
0X is about 2.5 times larger than that of n-octane.

The temperature dependence of the Henry constants follows
the van’t Hoff equation as depicted in Figure 3. Zero coverage
adsorption enthalpies calculated from the slope of the van’t Hoff
plots are tabulated in Table 1. 0X, mX, pX, and EB interact
with about the same strength with the MIL-47 framework.
Remarkably, the adsorption enthalpy of the C8 aromatic
components (about 60 kJ/mol) is significantly lower than that
of n-octane (65.7 kJ/mol). Again, this is in clear contrast to
what is commonly observed, i.e. a stronger interaction of the
aromatic component compared to the saturated alkane (see Table
1 for USY). Whereas the adsorption enthalpy of n-octane is
larger on MIL-47 compared to USY, the aromatic components
have lower adsorption enthalpies on the former material. It thus
appears that the sr-clouds of the aromatics are not dominating
the interaction with the MIL-47 framework. Rietveld refinement
of MIL-47 samples fully loaded with o-, m-, and pX showed
that these molecules adsorb with their aromatic ring not fully
parallel to the aromatic ring of the terephthalate linkers in the

J. AM. CHEM. SOC. = VOL. 130, NO. 22, 2008 7113
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Figure 4. Schematic representation of a n-octane molecule in a MIL-47
pore. The hydrogen atoms (white) of n-octane are in close contact with the
oxygen atoms (red) of the MIL-47 framework.

23 hC.
o nC7’
]
a2t oPX
g omX
5 e OEB
= * o o
= toluene oX
X 21t
S
S nC
0 ‘e

obenzene
20 ‘ ‘ ‘ ‘ ‘
40 45 50 55 60 65 70
-AH (ki/mol)

Figure 5. Compensation chart for linear alkanes (closed symbols) and
aromatic components (open symbols) on MIL-47.

MIL-47 framework but in a rather skewed configuration as
depicted in Figure 1.%° Because of steric constraints, EB does
not align at all with the phenyl rings of the terephthalate units
at a high degree of pore filling but adopts a configuration in
which there is a close interaction between the CH3 group of
EB and the terephthalate ligands. These observations suggest
that interaction between the alkylaromatic hydrogen atoms and
terephthalate oxygen framework atoms play an important role.
Therefore, it is not unreasonable to suggest that the eight
additional hydrogen atoms of n-octane compared to the C8
alkylaromatics lead to a stronger interaction. The linear octane
molecule with its cylindrical shape can align itself with the
longest axis of the pore channel, as shown in Figures 1 and 4.
In this configuration, many of its hydrogen atoms are in close
contact with the oxygen atoms of the framework, leading to a
strong interaction, as visualized in Figure 4.

As expected, —In K’ varies in a linear way with —AH, for
linear alkanes (see Figure 5)*'*’ the longer the chain, the
stronger the interaction between the molecule and the surface
atoms in the MIL-47 pores, and in turn, the larger the loss of
freedom. For USY, it has been observed that alkanes and
aromatic components show the same relationship between
adsorption enthalpy and entropy*® (see Supporting Information).

For MIL-47, all points for the aromatic components fall below
the line obtained for the n-alkanes. Considering eqs 1 and 2,
this can be the result of a higher number of adsorption sites or
a lower loss of entropy for the aromatics or even a combination
of both. Concerning the contribution of entropy, it can be stated
that both aromatics and linear alkanes only retain one degree
of translational freedom, corresponding to a movement along
the longitudonal axis of the one-dimensional pore. With respect
to rotation, it is not easy to differentiate between alkanes and
alkylaromatics. It could be speculated that for n-octane, only
the rotation along the longest axis of the alkane chain is not
sterically hindered and allows close contact between the alkane
hydrogen atoms and the oxygen atoms of the framework. For
the aromatics, more degrees of rotational freedom could be
retained, but an independent study would be needed to verify
this hypothesis. Regarding the number of adsorption sites, it is
observed that the adsorption capacity of n-octane is only half
of that of the alkylaromatics (vide infra). Whereas two alky-
laromatics can be adsorbed in the radial direction of the pore,
only one octane molecule is adsorbed in the same space.

Thus, it is concluded that in spite of a lower adsorption
enthalpy, the C8 alkylaromatics have Henry adsorption constants
similar to that of n-octane because they have a higher number
of adsorption sites and possibly loose less freedom during
adsorption in the pores of MIL-47.

Adsorption Isotherms. Adsorption isotherms of the C8
alkylaromatics and n-octane at 70 °C, 110 °C, and 150 °C are
shown in Figure 6. Large adsorption capacities, up to almost
40 wt% at 70 °C were measured, corresponding to a pore filling
degree of 3.4 molecules per unit cell or 1.7 molecules per
channel segment (see Figure 1). At the same temperature, all
isomers show a very steep isotherm. The largest adsorption
capacity is measured for pX, in order followed by oX, mX,
and EB. pX reaches its plateau at a partial pressure of 0.005
bar, but for the other isomers the amount adsorbed keeps on
increasing over the whole experimental pressure range. It
therefore cannot be ruled out that all C8 alkylaromatics reach
the same adsorption capacity at sufficiently high pressures.

The observed tendencies can be related to the modes of
packing of the C8 alkylaromatic molecules in the MIL-47 pore
system as elucidated in earlier work by Rietveld refinement of
the X-ray powder diffraction patterns of MIL-47 samples
saturated with each of the isomers at room temperature and in
the liquid phase.®® It was found that all isomers adsorb in pairs
along the length of the pores, with two pairs in every unit cell
(Figure 1). This is in fair agreement with the maximal adsorption
capacity of 3.4 molecules per unit cell as determined by
gravimetry at 70 °C. The major difference between the molec-
ular arrangements of the three xylene isomers is the relative
alignment of the aromatic planes of the molecules within a pair.
For pX, the aromatic rings of a pair are aligned in an almost
perfect parallel configuration, with staggered methyl groups. For
0X, the alignment of the aromatic rings is slightly less effective,
explaining the lower steepness of the 0X isotherm at 70 °C.
With mX, steric interactions between molecules in neighboring
unit cells cause a tilt and turn of the aromatic rings of the paired
mX molecules in the same unit cell relatively to each other,
preventing the paired mX molecules to align their aromatic rings
in an optimal way. Thus both for mX and 0X, a higher pressure
is needed to achieve the same packing efficiency as compared
to pX. Steric constraints in the pores caused by the ethyl group

(47) Ruthven, D. M.; Kaul, B. K. Adsorption 1998, 4 (3—4), 269-273.
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(48) Denayer, J. F. M.; Baron, G. V. Adsorption 2005, 11, 85-90.
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Figure 6. Adsorption isotherms for ethylbenzene (O), p-xylene (A),
o-xylene (<), m-xylene (O), and n-octane (x) measured at 70, 110, and
150 °C on MIL-47.

of EB prevents planar alignment of the aromatic rings, such
that s7-7r interactions between EB molecules or EB molecules
and the framework become insignificant. It was found that the
methyl groups of EB are interacting with the terephthalate units,
causing a distortion of the MIL-47 lattice. Both effects imply
an energy cost which explains the significantly lower uptake of
EB.

As expected, adsorption isotherms are less steep at 110 and
150 °C, but also the order of adsorption capacities and isotherm
steepnesses is different from that at 70 °C. Both at 110 and
150 °C, oX has the steepest isotherm, whereas at 70 °C, p-xylene
is adsorbed to the largest extent. At 110 °C, the pX isotherm is
less steep than that of m-xylene at low pressures, but reaches a
higher capacity at high pressure. At 150 °C, the p- and m-xylene
isotherms almost coincide. The difference in amount adsorbed
between the most strongly adsorbed isomer and the least strongly
adsorbed isomer (ethyl benzene) grows larger with increasing
temperature. For example at 150 °C, a capacity of 32 wt% or
2.8 molecules/unit cell is reached for 0X, while EB reaches 22
wt% in the experimental pressure range, corresponding to only
1.9 molecules/unit cell. It should be noted that almost 3 EB
molecules are adsorbed per unit cell at complete saturation at
70 °C. Possibly, a further increase in the amount adsorbed occurs
at higher partial pressures.

It should thus be concluded that at higher temperatures (110
and 150 °C), the molecules pack in a subtly different way as
compared to the conditions under which the Rietveld refinements
were performed (room temperature). As a result of the higher
thermal energy of the molecules, a dense and efficient packing
becomes more difficult, leading to less steep isotherms and lower
adsorption capacities.

Compared to the C8 alkylaromatic components, significantly
smaller amounts of n-octane are adsorbed under all conditions,
in spite of the higher adsorption enthalpy of this component
(Table 1). n-Octane only reaches an adsorption capacity of 23
wt% or 1.9 molecules/unit cell at 70 °C (about 1 molecule per
channel segment). This confirms the hypothesis that linear
alkanes adsorb with their main carbon chain in the direction of
the longest pore axis (see Figure 10). Because of steric
constraints, only 1 alkane molecule fits in the cross section of
the pore, limiting the adsorption capacity to 1 molecule per
channel segment at maximum. The number of adsorption sites
for the n-alkanes is only the half of that of the C8 alkylaromatics,
readily explaining the lower preexponential factor of the former
molecules (Figure 5).

Binary Breakthrough Experiments. Vapor-phase break-
through experiments with a series of binary mixtures (mX/pX;
EB/pX; oX/mX; oX/pX; oX/EB; mX/EB) were performed to
determine the separation potential of MIL-47 in vapor-phase
conditions. Breakthrough curves of the different equimolar
mixtures at 70 °C and a total hydrocarbon pressure of 0.05 to
0.06 bar are shown in Figure 7.

All breakthrough profiles show an initial phase during which
both components of the feed are fully adsorbed followed by a
roll-up: the strongest adsorbed component displaces a part of
the weaker adsorbed component, resulting in effluent concentra-
tions temporarily higher than the feed concentration.

For the first mixture (pX/0X) almost no separation is
observed, while the largest separation is obtained for the mX/
pX mixture (third chart of Figure 7) under the present conditions.
Thus with exception of the pX/oX mixture, a clear separation
is achieved with the MIL-47 metal organic framework. For all
mixtures containing EB, this component elutes first. Both mX
and pX elute from the column before oX. For the mX/pX
mixture, pX is the strongest adsorbed component. The following
order of selectivities under mixture conditions can be derived
from this set of experiments: oX ~ pX > mX > EB, which is
in fair agreement with the pure component isotherm observations.

Average separation factors calculated for these experiments
are given in Table 2, together with ratios of Henry constants
which are a measure for the separation at a very low degree of
pore filling. In nearly all cases (except for the 0X/mX and 0X/
pX mixtures), larger separation factors are obtained in the
breakthrough experiments compared to the low coverage
experiments. For two of the six mixtures (EB/pX and EB/mX)
the selectivity is even reversed at high loading compared to zero
loading. This shows that the separation of C8 alkylaromatics
on MIL-47 is dependent on the degree of pore filling. Further
experiments with mX/pX and EB/pX mixtures were performed
to determine the effect of partial pressure or degree of pore
filling and temperature on the separation behavior.

1. Effect of Temperature. Since the pure component isotherm
experiments indicated a strong temperature effect, separation
of binary mX/pX and EB/pX mixtures was studied at temper-
atures between 70 and 150 °C. Figure 8 depicts the relation
between temperature and the average separation factor o for
both mixtures. An optimum at about 110 °C is observed for
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Figure 7. Breakthrough curves for the separation of equimolar binary C8
alkylaromatic mixtures at 70 °C and total hydrocarbon pressures of 0.05 to
0.06 bar. Experimental time was reduced by dividing by the time at which
the least adsorbed component breaks through.

the separation of EB and pX, with average separation factors
ranging from 1.6 to 3.4. For the separation of mX and pX, the
selectivity decreases with temperature and reaches 1 at 150 °C,
corresponding to nonselective adsorption. Interestingly, the pure
component adsorption isotherms of m- and pX also coincide at
150 °C (see Figure 6).

2. Effect of Pore Occupancy. To obtain the largest possible
separation, further experiments were carried out at 70 °C for
the equimolar mX/pX mixture and at 110 °C for the equimolar

7116 J. AM. CHEM. SOC. = VOL. 130, NO. 22, 2008

mixture preferred component o (breakthrough) o (Henry Constant)
EB/pX pX 1.83 0.97
EB/mX mX 1.41 0.84
EB/oX oX 1.39 1.13
mX/pX pX 2.07 1.19
oX/mX oX 1.17 1.35
oX/pX - 1.01 1.11

EB/pX mixture. Figures 9 and 10 show the corresponding
breakthrough curves at different pX pressures and constant
temperature.

For the mX/pX separation, elution of both components starts
simultaneously at all partial pressures, pointing at a rather low
selectivity. However, a clear evolution of the shape of the
breakthrough curves with xylene partial pressure is appreciable.
At very low partial pressure and thus low degree of pore filling,
the pX and mX breakthrough curves are very steep and evolve
rapidly to the feed concentration. From a pX partial pressure
of 0.0065 bar, the shape of the pX and mX breakthrough profiles
adopt an unusual shape. Three different phases can be observed
after the initial phase in which both components are fully
adsorbed. In phase I, a simultaneous and steep breakthrough of
both components occurs. In phase II, the breakthrough profiles
almost become flat. In phase III, finally the breakthrough profiles
become steep again and evolve rapidly to the feed concentration
level.

Figure 11 shows the average separation factors as a function
of the degree of pore filling for these experiments. In the Henry
region, at negligible pore occupancy, the separation factor is
close to 1. The average selectivity increases with increasing
degree of pore filling in favor of pX. The occurrence of the
three stages in the breakthrough profiles can therefore be
rationalized as follows. In the initial stage, when the “empty”
MIL-47 material in the adsorption column is contacted with
the pX/mX mixture, both components are adsorbed equally, as
their Henry adsorption constants are comparable. Under these
conditions, the aromatic molecules have enough free space in
the empty pores to adopt their ideal configuration and optimize
host—guest interactions, not hindered by the presence of nearby
molecules. Thus in this stage, pX and mX travel at comparable
velocity through the column and reach the column outlet
simultaneously. As adsorption in the column continues, the pores
of the material gradually become filled with C8 alkylaromatic
molecules. From a certain point on, available free space in the
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Figure 8. Temperature dependence of the average separation factor (o)
for the separation of m-xylene/p-xylene (closed symbols) and ethylbenzene/
p-xylene (open symbols) mixtures with MIL-47 at full loading.
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Figure 9. Breakthrough curves for the separation of m-xylene (open
symbols)/p-xylene (closed symbols) mixtures at different vapor pressures
and a temperature of 70 °C.

pores becomes critical. Efficient stacking of the molecules is
required to fully occupy the available pore volume. As evidenced
by Rietveld refinement of MIL-47 samples loaded with xylene
isomers and the isotherm experiments, pX is stacked more
efficiently and is capable of filling the pores at a lower energy
cost as compared to mX. pX will be adsorbed selectively at the
expense of mX when the degree of pore filling increases. This
explains the change in shape of the breakthrough curves, where
elution of pX is slowed down (phase II in Figure 9). This process
continues until the pores are completely filled. At this point,
no additional molecules from the feed are adsorbed and outlet
concentrations evolve rapidly to the inlet concentrations (phase
1I0).

For the EB/pX separation, also an initial simultaneous
breakthrough of both components is observed at the lowest
partial pressure. The EB concentration rises rapidly and exceeds
the feed concentration whereas the pX concentration stays below
its feed concentration. This corresponds to a preferential
adsorption of pX, which is in disagreement with the order of
Henry constants measured at infinite dilution, where EB is
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Figure 10. Breakthrough curves for the separation of ethylbenzene (open
symbols)/p-xylene (closed symbols) mixtures at different vapor pressures
and a temperature of 110 °C.
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Figure 11. Effect of loading on the average separation factor (o) for the
separation of equimolar m-xylene/p-xylene (closed symbols) and ethylben-
zene/p-xylene (open symbols) mixtures at 70 and 110 °C respectively using
MIL-47.

adsorbed more selectively compared to pX (Table 1). With
increasing partial pressure, the differences in adsorption between
pX and EB become more apparent; whereas no pure EB could
be obtained at the lowest pressure, a significant difference in
breakthrough time between EB and pX is observed at higher
pressure. Figure 11 shows a sharp increase in overall perfor-
mance of the MIL-47 MOF for the EB/pX separation at pore
fillings larger than 40%, with average separation factors reaching
about 3.4 at 75% pore filling and higher. The larger separation
factors for the EB/pX mixture as compared to the mX/pX
mixture are explained by the significantly less efficient packing
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Figure 12. Separation of equimolar 4-component [ethylbenzene (<),
o-xylene (O), m-xylene (A), and p-xylene (O)] mixture with MIL-47 at
70 °C (top) and 110 °C (bottom) at a total hydrocarbon pressure of 0.05
bar.

of EB compared to the other C8 alkylaromatics (vide supra).
Whereas for the EB/pX separation, the average separation factor
reaches a maximum, the average selectivity keeps increasing
with loading for the mX/pX separation.

Quaternary Breakthrough. Figure 12 shows the separation
of an equimolar mixture of pX, mX, oX, and EB at 70 and
110 °C. Again a large effect of temperature on selectivity was
observed. At 70 °C, mX and EB elute first and are not separated
from each other in the present conditions. pX elutes as athird
component and is clearly separated from oX, the most strongly
adsorbed component. This order of elution corresponds to the
order of selectivities as determined at 70 °C from the binary
adsorption experiments. The breakthrough curve of 0X shows
a stepwise profile, similar to the stepwise shape of the binary
breakthrough experiments, pointing at a variation of adsorption
selectivity with degree of pore filling. At 110 °C, the 4 C8
alkylaromatics are separated from each other. EB elutes first
followed by mX, pX, and oX. The better separation of EB and
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mX at 110 °C is in accordance to the larger differences in their
pure component isotherms at 110 °C as compared to 70 °C (see
Fgure 6).

Conclusions

In this work, gas-phase adsorption of C8 alkylaromatics on
the metal—organic framework MIL-47 is studied. In the Henry
region, at very low partial pressure, p-xylene, m-xylene,
o-xylene, and ethylbenzene have comparable Henry adsorption
constants and adsorption enthalpies. The relatively low value
of the adsorption enthalpy of aromatics on MIL-47 in compari-
son to zeolites points at a rather unspecific interaction and is
beneficial with respect to the operation of adsorption processes
in view of the ease of adsorbent regeneration at low energy
cost. In spite of their comparable Henry constants and adsorption
enthalpies, the individual C8 alkylaromatics have different
adsorption capacities and isotherm shapes. This is a result of
differences in ease with which the components can be packed
in the sterically constrained environment of the MIL-47 pores.
These differences in packing mode can be exploited to achieve
molecular separation as was shown by performing breakthrough
experiments with binary and quaternary mixtures. The adsorp-
tion selectivity increases with degree of pore filling, i.e. the more
molecules are present in the pores the more the ordering of these
molecules becomes important. As a result, adsorption selectivity
is strongly dependent on pressure and temperature, which
provides a powerful tool for the optimization of the adsorptive
separation process.
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