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ABSTRACT: New materials capable of separating mixtures of
saturated, unsaturated, and aromatic hydrocarbons can enable
more efficient industrial processes and cleaner energy. Out-
standing challenges in hydrocarbon separations stem from the
similar structures, properties, and reactivities of the molecules
comprising many of these mixtures. With high surface areas,
tunable pore geometries, and adjustable surface functionality,
metal—organic frameworks hold tremendous promise for effecting
previously difficult or impossible separations. In this review, we
provide a comprehensive account of the metal—organic frame-
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works that have been investigated for hydrocarbon separations within the context of their potential relevance for separating
various industrial alkane-, alkene-, and aromatic-containing mixtures.
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B INTRODUCTION

Hydrocarbon mixtures are separated into various component
fractions on enormous scales for the production of fuels and
chemical feedstocks. Owing to the high energy costs associated
with many of these critical separation processes, the develop-
ment of metal—organic frameworks that could enable efficient
adsorptive separations represents an exciting new direction of
study. In this review, our goal is to be inclusive of all adsorbates
composed of only carbon and hydrogen atoms, focusing
exclusively on these adsorbates' ™'> and reporting on all types
of hydrocarbon mixtures.">™"* The use of metal—organic
frameworks within membranes'™'® or as components in
capillary columns' ™" is not treated.

Nearly all hydrocarbons are generated from petroleum or
natural gas processing.’” Natural gas, which is primarily
methane, also contains ethane, propane, and butanes.
Petroleum can be composed of hundreds of thousands of
chemicals and varies in its composition between 50 and 97 wt
% hydrocarbons. Petroleum is divided into fractions based
upon boiling points: butanes and lighter, gasoline, naphtha,
kerosene, gas oil, and residue. Compositions among these
fractions vary widely.*> The liquids and gases discussed in this
review mostly fall into the light gas, gasoline, or naphtha
fractions, although adsorption of some longer alkane kerosene
components have been reported and are included.

Improvements in separation efficiency and investigations of
separations that have not yet been reported provide a strong
motivation for studying the behavior of hydrocarbon molecules
within porous materials.”* In particular, the extraordinary
chemical tunability of the pore geometry and surface
functionality within metal—organic frameworks can facilitate
control over adsorption selectivity, while their high surface
areas generally give rise to a large separation working capacity.
As we will see, both the most fundamental separations such as
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methane/ethane separations and more esoteric separations
have already been investigated to a considerable extent within
metal—organic frameworks. While estimating a priority order
for industrial relevance is challenging, the separation of
essentially all hydrocarbons generated within the same
petroleum fraction can be considered both industrially relevant
and a tool for better understanding the separation abilities of
metal—organic frameworks.

Seven metal—organic frameworks are encountered repeatedly
in the hydrocarbon separation studies performed to date, and a
brief discussion of each is useful to inform the content of this
review (Figure 1). The canonical MOF-S is among the simpler
structures, consisting of a cubic network built from [Zn,0]%*
tetrahedra connected via 1,4-benzenedicarboxylate (bdc®™)
linkers.”® Lauded for its stability and structural similarity to
zeolites, ZIF-8 contains Zn>" cations linked by 2-methylimida-
zolate (MeIM).** The structure of ZIF-8 is somewhat flexible,
and gate-opening effects can be seen for different adsorbates.
The structure of Cus(btc), (HKUST-1) consists of Cu,(0,C),
paddlewheel units connected via 1,3,5-benzenetricarboxylate
(btc*") linkers. Upon activation, the Cu®* centers each have an
axial coordination site open and pointing into the pore,
allowing rich reactivity at this Lewis acidic site.”> The structure
of the frameworks M,(dobdc) (M = Mg, Mn, Fe, Co, Ni, Zn;
dobdc*™ = 2,5-dioxido-1,4-benzenedicarboxylate) (Figure 1),
sometimes referred to as M-MOF-74 or CPO-27-M, also
contains coordinatively unsaturated divalent metal cations.
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Figure 1. Crystallographic structure, molecular formula, common name, BET surface area, and centroid—centroid pore diameters or distances for the
structure types regularly encountered in hydrocarbon separations. Surface areas are reported in references within this review with the exception of
MIL-53,2® MIL-47,*® and Cu,(btc),.>® Green, red, gray, yellow, purple, orange, dark red, and blue correspond to Zn, O, C, Cr, V, Fe, Cu, and N,
respectively. Variations of these structures can include functional groups bound to the organic ligand such as the “IRMOF” series of MOEF-S or
amino-MIL-53, which includes an amino group bound to the central benzene ring of the linker. Metal cations can also differ within the M,(dobdc)
and MIL-53 series, which in this figure contain Fe and Cr, respectively. MIL-53 is shown in the “narrow pore”, or closed, form, although this material

can also expand to a structure very similar to that of MIL-47.

Here, the metal centers are exposed with an exceptionally high
surface density of ~3 open metal sites per 100 A%, leading to
particularly high separation capacities. The similar structures of
MIL-47 and MIL-53 are both composed of bdc®” struts, with
MIL-47 contammg V while MIL-53 can be based upon Al, Sc,
Cr, Fe, Ga, or In” Although MIL-47 is relatively rigid, the
MIL-53 materials are flexible frameworks that can open and
close like an accordion in the presence or absence of different
adsorbates.””

Here, we will focus on how the variations within such
structures can lead to the facile separation of various important
hydrocarbon mixtures. Concepts related to adsorptive separa-
tions, such as distinctions among isotherm types,*® calculating
enthalpy of adsorption,®" and ideal adsorbed solution theory
(IAST)*' are explained in detail elsewhere. In addition, it
should be noted that the physical properties of most of the
adsorbates found in this review have been tabulated.* The
strength of adsorption of all of the references in this review are
tabulated in Table S1, including the material(s), the adsorbates,
and the experiments or theory performed to generate these
values. Throughout the body of the text, all results are
experimental unless otherwise specified.

B SATURATED HYDROCARBON MIXTURES

Normal alkanes can be found in petroleum from trace levels to
up to 50 wt % of the hydrocarbon content. Methane through n-
decane are relevant as gasoline components, while alkanes up to
C20 are present in kerosene.”” Ethane is a feedstock for
ethylene plants, while propane and butanes are feedstocks for
chemicals or petroleum refining processes. Longer alkanes are
further reacted either in catalytic reforming or isomerization
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because their low octane numbers make them of little value
other than as niche feedstocks.”>**

To explain the results presented for linear alkane separations
within metal—organic frameworks, some broad theories are
under development and investigation. In MOF-5 and PCN-6’, a
“clustering” phenomenon has theoretically been shown to
occur below the critical temperature of an adsorbate, which
strongly affects the selectivity of linear alkanes, especially when
the temperature of separation is above the critical temperature
of one adsorbate and below that of another.>* Further, a general
trend is seen in which stronger adsorption is usually coupled to
an entropic cost as it leads to a loss in degrees of freedom.*

Short Normal Alkanes. Given its high surface area and
thermal stability, MOF-S (Figure 1) serves as an excellent
platform for the adsorption of short chain hydrocarbons.>**¢~*°
A theoretical study demonstrated that the van der Waals
interactions with the pore surfaces enforce a trend of both the
enthalpy and entropy of adsorption becoming more negative
with increasing chain length.*' An adsorption step in the
isotherms is seen at increasing pressures for smaller alkanes,
and these adsorbates boast a higher capacity as well. In a
mixture, the more strongly adsorbing, longer alkanes are
preferred until the selectivity reaches a maximum, when the
entropic cost of ordering the long adsorbates overcomes the
enthalpic benefit to adsorption (Figure 2). Similar results are
seen experimentally.*®

The separation of methane from n-butane was also
investigated computationally for five materials isostructural to
MOE-S, wherein the bdc*~ linker was replaced with multiring
dicarboxylate ligands.** Up to 40 bar, methane exhibits a typical
Type I isotherm that does not saturate, while n-butane
isotherms all show a pronounced capillary condensation step
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Figure 2. Theoretically determined adsorption isotherms of linear
alkanes in MOF-§ at 300 K. Reprinted with permission from ref 41.
Copyright 2006 American Chemical Society.

that occurs at different pressures depending on the linker
length. Generally, increasing the length of the linker leads to
decreased selectivity. However, the framework containing 9,10-
anthracene dicarboxylate, which has the same length as bdc®~
but more aromatic surfaces lining the pores, was found to
exhibit selectivities an order of magnitude higher than that of
MOF-S.

The strength of adsorption is more than double for n-butane
than for methane in both MOF-S (—23.6 and —10.6 and kJ/
mol, respectively) and Cuy(btc), (—29.6 and —12.0 kJ/mol,
respectively).*> Many theoretical alkane separation processes
have also shown similar results in Cus(btc), (Figure 1).>%*~*

Adsorption strengths for methane, ethane, propane, and
butane in MIL-47 (Figure 1) increase with chain length, and
pairing theory with experiment suggests that no greferential
binding sites exist within the pores at low loadings.**** At high
loadings, methane and ethane prefer the y,-O groups while n-
butane prefers the aromatic linkers. Propane and ethane were
shown to rotate freely and have no preferred orientation, while
n-butane is more confined.

Differences in adsorption behavior among linear alkanes is
also seen in MIL-53(Cr) (Figure 1), where at 303 K a step is
observed in the adsorption of n-propane through n-nonane, but
not for methane or ethane.”® Powder diffraction data suggest
that this step is associated with framework swelling.>" Structural
transitions occur as a result of the relative affinities of any guest
for the open or closed forms of the structure.’” Generally,
alkane adsorption in the MIL-53 series, including amino-MIL-
53,°*°* is highly temperature dependent due to the
thermodynamics of the framework breathing. Interestingly,
despite their isostructural nature the same steps seen in MIL-
53(Cr) arise in MIL-53(Al) at different pressures.>

Adsorption isotherms for C1—C4 gases in MIL-53(Fe) are
much more complex than in the MIL-47 or MIL-S3(Al, Cr)
cases.” At 303 K, MIL-53(Fe) has two intermediate phases in
addition to the completely open or completely closed
structures. This difference leads to stepwise adsorption of all
short alkanes as opposed to only those with three carbons and
higher.

Highly flexible materials outside of the MIL series can exhibit
behavior similar to that of the MIL-53 frameworks. In the
flexible framework material Zn,(bpdc),(bpee) (bpdc*™ = 4,4'-
biphenyldicarboxylate; bpee = 1,2-bipyridylethylene), the gate
opening pressure decreases with alkane size from n-butane to
methane.”®
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In ZIF-8 (Figure 1), the capacity hierarchy for short alkanes
is methane > ethane > propane > n-butane.”” In ZIE-7, which is
built from benzimidazole in contrast to the 2-methylimidazole
linkers of ZIF-8, ethane, propane, and n-butane show gate-
opening pressures of 0.12, 0.012, and 0.008 bar, respectively, at
298 K.>® These results demonstrate that adsorption strength is
inversely correlated with gate-opening pressure. The compound
Nig(5-bbdc)¢(u;-OH), (bbdc*™ = S5-tert-butyl-1,3-benzenedi-
carboxylate) can also discriminate methane/ethane or ethane/
propane mixtures based on gate-opening phenomena, and, by
carefully controlling the temperature, it is possible to separate
methane and ethane from propane and butane, or separate
methane from ethane, propane, and butane.’

To summarize, trends can be found among short normal
alkane adsorption in metal—organic frameworks. Adsorption
steps are often seen, either from a gate-opening step in the
material or from capillary condensation within the pores. These
steps occur at different pressures for different adsorbates.
Additionally, the molar capacity is usually comparatively higher
for shorter alkanes while the strength of adsorption is lower.
The smaller size allows for more molecules to fit in the pores,
but each adsorbate has less molecular surface area for van der
Waals interactions. Due to the variety of adsorption step
locations as well as the consistent thermodynamic behavior of
adsorption, it can be assumed that metal—organic frameworks
could be used to separate many more mixtures of linear alkanes
than the ones reviewed here.

Long Normal Alkanes. The same trends and behaviors
seen for shorter normal alkanes extend to longer normal
alkanes, as does the conclusion that most separations are
possible using metal—organic frameworks. The studies of
longer alkanes reported here are all at temperatures between
294 and 313 K in metal—organic frameworks with rigid
structures.

The strength of adsorption between longer alkanes and the
surfaces of metal—organic frameworks is generally correlated
with the potential for van der Waals interactions. Accordingly,
the reported strengths of adsorption followed the order n-
pentane > propane > butane in Zn,(bdc),(dabco) (dabco =1,4-
diazabicyclo[2.2.2 ]octane), which has a structure in which two-
dimensional sheets of bdc*-linked zinc-paddlewheel units are
pillared by dabco.® This trend can presumably explain the
behavior of an analogous framework, Zn,(bdc),(bpy) (bpy
=4,4'-bipyridine), which can separate n-pentane from n-
hexane.®" Similarly, a porphyrin-linked covalent polymer,
PCPF-1, demonstrates linearly increasing adsorption capacities
for C5—C8 linear hydrocarbons.”

Comparisons among adsorbents rather than adsorbates also
confirms the role of van der Waals forces in alkane separations.
The adsorption of pentane, hexane, and heptane in MOF-5 is
weaker than in MOF-S isostructures with longer linkers owing
to the fewer available van der Waals interactions with each
individual linker.*®

Mechanisms other than thermodynamic selectivities have
also been shown to separate long alkanes. As alkanes increase in
length, pore size can begin to dictate differences in adsorption.
A metal—organic framework with cylindrical channels and small
channel windows, Cu(hfipbb)(H,hfipbb),s (H,fipbb = 4,4'-
(hexafluoroisopropylidine )bis(benzoic acid)), can selectively
sieve linear hydrocarbons longer than butane, as modeling
shows that the corrugations along the channels creates pockets
which can accommodate short alkanes but not n-pentane or

higher.63
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While Cu(hfipbb)(H,hfipbb), s has uniform pores, separate
types of pores within the same material can also dictate
separation. The differences in adsorption of C5—C9 linear
alkanes were explored in MIL-100(Cr) and MIL-101(Cr).%*

All adsorbates exhibit a small adsorption step only apparent
at low pressures. In MIL-100, this was attributed to the filling of
the smaller of the two types of pores in the material based upon
the percentage each contributed to the total volume. In both
materials, n-nonane was adsorbed significantly less than the
smaller alkanes due to entropic effects.

MIL-47, MIL-53(Cr), and a series of flexible MIL-88(Fe)
structures have been investigated for longer alkane adsorption
and separation. Increasing the alkane chain length leads to a
decrease in the molar uptake capacity for MIL-47 and MIL-
53.5797 The MIL-53 isotherms show a distinct step that occurs
at a lower pressure for n-nonane compared to n-hexane, and
similar results were seen with the MIL-88(Fe) materials.
Interestingly, simulations illustrate that shorter alkanes are
more distorted from a traditional trans conformation in MIL-
47.

Changes in adsorption attributed to flexibility are not
confined to the MIL-53 series. A flexible material TetZB
constructed from zinc nodes, 4,4'-bipyridine, and tetrakis[4-
(carboxyphenyl)oxamethyl]methane is an open pore structure
when evacuated and closes upon initial alkane adsorption.””
Comparing among normal alkanes, the adsorption step moves
to higher pressures for longer hydrocarbons. This is in contrast
to other stepwise adsorption behavior in metal—organic
frameworks such as MOF-5,* and industrially this reversal
could render TetZB an ideal material for a specific set of
separation conditions.

Cyclic Alkanes. Cyclic alkanes, often referred to as
naphthenes, such as cyclohexane, decalin, and terpenes,
compose up to 60% of the hydrocarbon content in
petroleum.”” They are produced as part of the cracking
process. Cyclohexane and cyclododecane are used industrially,
while cyclopentane is not.

Generally, linear alkanes bind more strongly than their cyclic
counterparts in metal—organic frameworks. Presumably, this is
a result of linear alkanes maximizing van der Waals surface
overlap, whereas cycloalkanes have geometric restrictions to
adsorption. The strength of adsorption of n-hexane is
significantly higher than that of cyclohexane in MIL-100(Fe)
and MIL-100(Cr),”® MIL-47,%® M(bdc)(ted),s (M = Zn, Cu)
(ted = triethylenediamine),”* and amino-MIL-53.>>

The large pore surfaces of MOF-5 only vaguely follow the
above trend. Theoretically, MOF-5 adsorbs n-decane only
approximately 10% more strongly than butylcyclohexane.*
Cyclohexane and n-hexane bind with the same adsorption
strength, while the larger dipole moment of methylcyclohexane
leads to a 10% stronger interaction. In contrast, lower-surface-
area isostructures of MOF-5 with more bulky and longer linkers
show a strength of adsorption much higher for n-hexane than
for cyclohexane.®

Capacities of linear and cyclic alkanes do not necessarily
follow as predictable of a trend as adsorption strength: the
capacity for cyclopentane and n-pentane are comparable in the
porphyrin-linked covalent polymer PCPE-1, while the cyclo-
hexane capacity is nearly 50% higher than the n-hexane
capacity.é2

Branched Alkanes. The separation of branched and linear
alkanes is highly relevant to gasoline production. Octane
number, which is proportional to economic value, is higher for
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branched isomers than for linear alkanes. For C5, C6, and C7
hydrocarbons, the mixture from the distillation unit is fed into
an isomerization reactor, which transforms the mixture into
equilibrium ratios of the isomers. The less valuable linear
isomers are removed by sieving and fed back into the
isomerization unit, while the rest of the isomers are added to
gasoline.72 n-Butane is used to generate isobutane, which is
then used in alkylation reactions to generate higher-octane
chains.”

Separation of linear alkanes from their branched counterparts
has been reported in metal—organic frameworks. Binary C4 and
CS isomer mixtures were investigated computationally in
MOE-S and one of its isostructures with an amino group on
the central benzene ring of the linker. The branched isomers
exhibited higher uptake capacities than the linear isomers.”*
Small differences in adsorption enthalpy between linear and
branched isomers are seen both experimentally and theoret-
ically in Cuy(btc), and MOF-5,*"* and some other metal—
organic frameworks can sieve linear alkanes from their
branched isomers.**%°

The separation of linear from branched alkanes does not
necessarily improve upon existing technology, as zeolites
currently perform these separations with a sieving mechanism.
Separation among the branched isomers, however, represents a
new frontier in this (nondistillative) technology. Importantly,
among nonlinear alkanes, more branching is associated with a
higher octane number and value. This type of separation is
illustrated in Figure 3b. Ideally, the separation will generate
fractions according to branching, as seen in the schematic, but
two fractions composed of the most valuable dibranched
isomers and all of the lesser valuable isomers together is also an
advance in this technology. The tunable pore surface
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Figure 3. (a) Breakthrough results of hexane isomers on a column of
Fe,(BDP);. (b) Schematic demonstrating the separation process
possible when the separation generates fractions according to the
degree of branching (ON = octane number).”
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geometries in metal—organic frameworks allow for shape
selectivity and therefore advances in this separation.

Modeling studies demonstrate the promise of metal—organic
frameworks for shape-selective isomer separations. Calculations
show MOEF-5 to be capable of separating all three pentane
isomers at 300 K.*' The linear isomers were found to adsorb
near the vertices, while the branched ones were sterically
hindered from doing so. Similarly, the isomers of butane and
pentane were modeled in two pairs of comparable metal—
organic frameworks.”® An isostructure to MOF-$ with a pyrene-
derived linker, IRMOF-14, and its catenated counterpart were
one pair. The other pair was again catenated and noncatenated
versions of the same material, here an isostructure to Cu,(btc),
with a triazine—tribenzoate linker. In the 20 total isotherms
(five adsorbates in four materials), all showed stepwise
adsorption. Contrary to previous results,** the experiments
showed that all materials were selective for the less branched
isomer in any isomer pair and that the catenated frameworks
adsorbed these more selectively.

Two-dimensional sheets composed of zinc paddlewheels
pillared by nitrogen-donor ligands have been extensively
studied for branched isomer separations. In a five-component
breakthrough experiment in which a mixture of n-pentane, 2-
methylbutane 2,2-dimethylbutane, 2-methylpentane, and n-
hexane was passed through a column of Zn,(bdc),(bpy), only
2,2-dimethylbutane and 2-methylpentane showed any over-
lap.®" A 13-component mixture of pentane, hexane, and
heptane isomers was simulated in the pores of a similar
material, Zn,(bdc),(dabco).”® With the exception of 2,3-
dimethylpentane, the adsorbates followed a general trend of
higher octane numbers achieving lower uptake capacity. This
was explained with the concept that more flexible alkanes were
able to “adapt” to the pore environment and utilize the available
surface area more effectively. Experimentally, Zn,(bdc),(dabco)
has been shown to separate n-hexane, 3-methylpentane, and
2,2-dimethylbutane.”’

In addition to canonical materials such as MOFE-5, Cu,(btc),,
and the group of pillared frameworks covered above, other
metal—organic frameworks have been studied in isolation.
Amino-MIL-53(Al) was demonstrated to somewhat separate
pentane, hexane, and heptane isomers through a shape selective
mechanism.*® This conclusion was arrived at by examining the
nonlinearity of the relationship between vapor pressure and
Henry’s constants, which has previously been demonstrated to
correlate with shape selectivity. Additionally, single-component
isotherms in Zn(Hbdc)(dmtrz) (dmtrz = 3,5-dimethyl-
1H,1,2,4-triazole) suggest that the material is selective for n-
hexane and 3-methylpentane over 2,2-dimethylbutane.”® A
variety of hexane binary breakthrough experiments were
performed at 398 K on ZIF-76, ZIF-8, and IM-22, a material
designed specifically for alkane isomer separations.”” Among
these materials, the best performance was seen in IM-22 which
achieved a modest separation of 3-methylpentane from 2,2-
dimethylbutane.

The above examples illustrate the preferred elution order for
branched alkane separations, where more branched alkanes
elute first. This is because isolating the least adsorbed species is
more straightforward than isolating the most adsorbed isomer.
This order is not always observed, as seen in UiO-66.*° On the
basis of the pore size, the order of elution in a breakthrough
column is n-hexane, followed by 3-methylpentane, 2,3-
dimethylbutane, and 2,2-dimethylbutane. The separation is
not complete, however. Modifications to this material can be
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made which effect its performance; decorating the linker with
functional groups changes the pore size and somewhat alters
the order of elution.®'

The above examples illustrate marked improvements in
alkane isomer separations over zeolites; however, none offer a
complete separation of the considerably more valuable highly
branched isomers from the less branched. In contrast, it has
been shown experimentally that the five hexane isomers can be
separated into useful fractions on a column of Fe,(BDP),
(BDP*™ = 1,4-benzenedipyrazolate), a metal—organic frame-
work with triangular channels (Figure 1).” The acute angles in
the pores of this structure are able to maximize interactions
with n-hexane and show increasingly weaker interactions and
greater entropic costs for the more branched hexanes. Such
regular sharp angles are generally not possible in zeolites, owing
to the obtuse Si—O—Si and O—Si—O bond angles, and this
separation serves as an example of the properties of metal—
organic frameworks allowing for advances in separation
technologies. Breakthrough experiments are able to separate
an equimolar mixture of hexanes into three fractions: the
dibranched, monobranched, and linear hexane (Figure 3a).
This result allows for a potentially even greater improvement to
the isomerization process, because n-hexane can be added to
the reactor earlier than the methylpentanes, which would
increase efficiency (Figure 3b). These properties are a result of
the triangular shape of the channels and also the width of those
channels: simulations showed that a slightly wider triangular
channel would reduce the amount of surface area associated
with the triangular corner features, while a narrower channel
would not accommodate all of the hexanes. Importantly, these
results were also shown computationally to extend to pentanes
and heptanes, even enabling fractionation of a CS—C7 mixture
by degree of branching.

Computationally, over 100 metal—organic frameworks have
been examined for hexane and heptane isomer separation at
433 K** By examining both the uptake capacity and the
selectivity for branched over linear isomers—metrics that are
explained to be equally important to the engineering separation
process—the authors were able to discover that ZIF-77, a rarely
discussed metal—organic framework, is particularly well suited
for separating dibranched from monobranched from linear
isomers. Potentially, these results could be verified exper-
imentally and compared to those of Fe,(BDP)s,.

The above examples all pertained to gasoline. Similarly, in
diesel fuel longer alkanes such as cetanes (16 carbon chains)
have variable worth in the final product.®’ n-Hexadecane is
much more valuable than its isomer 2,2,4,4,6,8,8-heptamethyl-
nonane (isocetane),* and these isomers can be separated by
silevir)lg8 5in Zn,(adc),(dabco) (adc*™ = 9,10-anthracenedicarbox-
ylate).

B UNSATURATED HYDROCARBONS

Although alkenes are generally not present in petroleum®” they
can be found in distilled fractions as a result of the cracking that
occurs during distillation. They are also synthesized from a
variety of reagents and used as extremely important industrial
precursors, mostly for making polymers. For example, nearly 25
trillion tons of ethylene are generated per year, and the vast
majority of the cost of production is in separation from other
hydrocarbons.®®

Here, the treatment of metal—organic frameworks for
separations involving unsaturated hydrocarbons is subdivided
into four categories. Some examinations do not fall neatly into
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one of these categories, such as the adsorption of propylene,
isobutene, and propane in Cu,(btc),*” ™ and MIL-100(Fe),”
the adsorption of methane, acetylene, ethylene, and propane in
a novel covalent-organic framework,”" and acetylene/ ethylene
separation in an enantiopure metal—organic framework.”

Of metal—organic frameworks that boast impressive alkane/
alkene separation abilities, two main strategies can be seen:
sieving and adsorption on unsaturated metal centers. Sieving
materials such as ZIF-8 selectively adsorb the alkane, while
unsaturated metal centers preferentially interact with the alkene
or alkyne through interaction with the 7z-system.”** These
unsaturated metal centers are found in the M,(dobdc) series;
however, other materials such as MIL-100(Fe)”® and Cu,L-
(H,0), (L*" = biphenyl-3,3,5,5'-tetra(phenyl-4-carboxylate ) *®
can also interact strongly with double bonds in a side-on
fashion to generate strong selectivities. The identity of the
metal center can alter the separation ability, and generally softer
metals interact more strongly with double bonds.

In each of the sections below considering C1, C2, and C3
alkene/alkane separations, the remarkable separation results of
Fe,(dobdc) are presented.”” Neutron diffraction studies of
methane, acetylene, ethane, ethylene, propane, and propylene
not only show verifiably the side-on binding of the double bond
to the metal center, but also the short distances between the
hydrogen atoms and the Fe** cations for the unsaturated
adsorbates (Figure 4). Computational modeling has confirmed
these results.”®

Methane/Acetylene. Acetylene is typically viewed as less
industrially relevant than ethylene® and can be obtained as a
byproduct of petroleum and natural gas processing.*> Addi-
tionally, a number of industrial processes exist for the oxidative
and nonoxidative coupling of methane into ethane, ethylene,
and acetylene, although many of these processes realize
incomplete methane conversion. Thus, there is a clear benefit
to recovering unreacted methane from these processes. Given
the large differences in the physical properties of methane and
C2 hydrocarbons, both size selective effects and metal—
hydrocarbon interactions can be tuned to achieve a high
selectivity within a metal—organic framework.

There have been a number of recent reports investigating
methane/acetylene separations with metal—organic frame-
works.'® '3 The earliest was in Cu,(EBTC) (EBTC* =
1,1’-ethynebenzene-?),:%’,5,5’-tetracarboxylate).100 This frame-
work boasts a high surface area and open Cu®" sites similar to
those found in Cusy(btc), (Figure 1), and an acetylene uptake
capacity (7.14 mmol/g) nearly 10 times higher than that of
methane at 295 K. The strength of acetylene adsorption in this
material is substantially higher than in Cus(btc), (as well as
another material with open Cu** binding sites, MOF-505). This
is likely a combined result of Cu**—acetylene interactions, pore
size, geometry, and a weak interaction between the carbon—
carbon triple bond of acetylene and EBTC*".

A majority of the subsequent studies of methane/acetylene
separations have involved low-surface-area frameworks (<700
m?/g BET), often exhibiting interpenetration, 0108114118
These materials typically suffer from capacity limitations. For
example, Zng(bta)s(tda), (bta™ = 1,2,3-benzenetriazolate, tda~
= thiophene-2,5-dicarboxylate) displays a selectivity of 15.5 for
an equimolar acetylene/methane mixture at 295 K, but an
acetylene capacity of just 1.96 mmol/g at 1 bar.'”

In contrast, compounds of the type M,(dobdc) couple
selectivity for adsorption w1th high surface area and a high
density of open metal sites.”” For example, Fe,(dobdc) displays

328

%?59(2)/&
¢
2072 A € 2.59(2) A Vi

Vo'l 27602 A
Q- K

4/’

o
methane ethane propane
252(1)A % "', . 2422)A S, 5.5 ‘) . e
¢ §2480) A §2422) A 2.56(2) A t‘, 2.60(2) A
acetylene ethylene propylene

Figure 4. (Top) Structure of acetylene bound to the open Fe*" sites in
Fe,(dobdc), where orange, red, gray, and blue spheres represent Fe, O,
C, and D atoms, respectively, and (bottom) the first coordination
spheres for the iron centers in the solid-state structures obtained upon
dosing methane,'*° ethane, propane, acetylene, ethylene, and
propylene.””

an acetylene capacity of 6.89 mmol/g and an acetylene/
methane adsorption selectivity of approximately 700 at 1 bar
and 318 K (from an equimolar mixture of methane, ethane,
ethylene, and acetylene). This is a direct result of the large
difference in the isosteric heat of adsorption between the two
molecules (—47 kJ/mol vs —20 kJ/mol). Additionally, both
Mg, (dobdc) and Co,(dobdc) are well-suited for the separation
of acetylene and methane. Both frameworks bind acetylene
with more than twice the adsorption strength of methane.
Calculations indicate that these frameworks will perform well in
the separation of methane from an equimolar methane, ethane,
ethylene, and acetylene mixture at 296 K and 1 bar of total
pressure.''” On a volumetric basis, they outperform 19 other
frameworks investigated, as well as materials with open Cu**
sites such as MOF-505, Cu,(btc),, and PCN-16.

Ethane/Ethylene. Ethylene is generated primarily by
refining crude oil, and over 10® tons of it were produced in
200S. After the cracking process, the series of separations to
isolate ethylene from the dozens of other hydrocarbons present
are incredibly complex. Ethane is an important feedstock for
ethylene production, and as a result the separation of ethylene
from ethane is of great industrial relevance.'*

Sieving in metal—organic frameworks can enable the
discrimination of ethane and ethylene. The compounds ZIF-7
and ZIF-8 illustrate this concept. The adsorption isotherms for
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ethane and ethylene in ZIF-7 at 298 K are Type IV, with
negligible uptake until a “gate-opening” event, after which
uptake rapidly increases and quickly saturates at approximately
1.75 mmol/g>*"*" The three regions of the adsorption
isotherm are explained as adsorption to the external surface
of the particles, gate opening and adsorption in the cavities of
the material, and, finally, filling of the cavities with adsorbate.
The pore apertures in ZIF-7 of ~3 A are too small to allow
adsorption of either molecule and significant structural flexing
must take place for adsorption to occur. It has been postulated
that the threefold symmetry of the methyl groups of ethane
allows the molecule to interact favorably with the triangular
pore windows of the framework. This allows ethane to adsorb
at lower pressures than ethylene. Accordingly, ZIF-7 performed
well in an actual separation process, producing pure ethylene
from an equimolar mixture in a breakthrough experiment.
Similarly, ZIF-8 selectively adsorbs ethane over ethyl-
ene 17122123

Thermodynamic separations of ethane and ethylene can also
be achieved in metal—organic frameworks. Ethane and ethylene
are equally polarizable, lack a dipole moment, and have small
quadrupole moments,* and therefore metal—organic frame-
works with exposed cation sites are one of the few attractive
options for their efficient separation. Frameworks without this
feature adsorb ethane and ethylene with nearly identical
adsorption enthalpies, including MOF-5* and amino-MIL-
53,°* and an entire series of zinc carboxylate frameworks that
have been extensively studied for this application.''®*' /14~ 118

The first investigation into metal—organic frameworks with
open metal sites for ethane/ethylene separations was
performed with Cu,(btc),** and has been followed up
computationally.'**'*> The noticeable difference in the shapes
of the isotherms indicate ethylene selectivity. Subsequent
calculations showed that ethylene binds stronger than ethane
based on both hydrogen bonding interactions between the
—CH, protons and the electronegative oxygen atoms in the
Cu,(0,C), paddlewheel units, as well as some degree of -
backbonding from the copper cations to the alkene. Given its
very limited backbonding capability, this framework displays a
theoretical IAST selectivity of only approximately 2 for an
equimolar ethylene/ethane mixture at 1 bar and 298 K."*°

The M,(dobdc) frameworks perform exceptionally well for
the separation of ethane/ethylene mixtures. The first reports
were of ethane and ethylene isotherms in Mg,(dobdc) at
various temperatures.'”” Although this framework displays
similar saturation capacities for these two gases at a given
temperature, the isosteric heat of adsorption of ethylene is
much higher than that of ethane (—43 vs —27 kJ/mol).
Although the isosteric heat of ethane adsorption increases with
increasing loading, likely a result of adsorbate—adsorbate
interactions, the ethylene adsorption enthalpy remains higher
over the entire loading range investigated. As expected, GCMC
calculations indicate that the primary adsorption site is the
coordinatively unsaturated Mg>* cation.

With soft, high-spin Fe®" cation sites exposed on its surface,
Fe,(dobdc) performs even better for the separation of these
molecules.”” Increased 7-backbonding as compared to Mg**
results in an increased selectivity for ethylene over ethane,
which increases from 7 in Mg,(dobdc) to 18 in Fe,(dobdc). In
a breakthrough experiment, Fe,(dobdc) is capable of separating
an equimolar ethane/ethylene mixture at 1 bar and 318 K into
99% and 99.5% pure components, respectively. Neutron
powder diffraction experiments confirm that indeed the
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unsaturated metal cation is the strongest adsorption site, and
ethylene adsorbs via the anticipated side-on binding mode
(Figure 4). Other members of the M,(dobdc) family both
theoretically and experimentally display high ethylene/ethane
selectivity based on preferential coordination of the alkene to
the metal cations in these frameworks."''*® The selectivity
follows the trend Fe?* > Mn*" > Ni** &~ Co** > Mg*" > Zn*,
which is likely associated with the relative softness of the (high-
spin) metal center, together with its ability to engage in 7-
backbonding.

Propane/Propylene. Like in ethane/ethylene separations,
Cuy(btc), was among the first metal—organic frameworks to be
studied for propane/propylene separations®”~*” and since then
has been investigated extensively.'"”*"'** Analogous to its
performance in methane/acetylene and ethane/ethylene
separations, this material preferentially binds propylene over
propane (—41.8 vs —28.5 kJ/mol at zero coverage) over a wide
pressure range.87 GCMC simulations suggest that propane is
adsorbed most strongly in the small octahedral pockets present
in the framework and that the strongest propylene binding sites
in the framework are the Cu®" sites. UV—vis spectroscopy
confirms this as the primary propylene adsorption site because
the d—d band associated with the Cu®* cations centered at 540
nm shifts to a lower energy upon propylene coordination.'*
Propane has little to no effect on the UV—vis spectrum,
supporting the notion that the primary adsorption sites are
likely the octahedral cages in the framework. The promising
results of Cus(btc), propane/propylene separations have
sparked interest in the mechanical stability and performance
of the material, and one of the first steps in using industrial
adsorbents is to shape them into pellets. Research has shown
that spheres of Cuy(btc), maintain the highest propylene
capacity upon shaping,"** followed by tablets®” and extru-
dates.®

ZIFs also show selective propane/propylene adsorption
behavior through a sieving mechanism, as evidenced by size
exclusion studies in ZIF-8."**"” Similarly to ethane, ZIE-7
displays inverse selectivity at 373 K, preferentially adsorbing
propane over propylene.’®'*" This is thought to be a result of a
gate opening effect in which propylene has a more favorable
adsorption on the external surfaces of ZIF-7, delaying the
pressure at which the framework opens.

Although other metal—organic frameworks display moderate
propylene/propane selectivity based on gate opening and
kinetic effects,*®'*® shape selectivity,®> and pore size con-
straints,""""'* the most selective materials are typically those
containing a higher density of coordinatively unsaturated metal
cation sites than in Cus(btw),. Every M,(dobdc) isostructure,
with the exception of the newly synthesized copper analogue,
has been investigated for propane/propylene separa-
tion,”>*7 119127128139 1y 411 cases M,(dobdc) binds propylene
over propane with selectivities between 3 and 20, assuming an
equimolar mixture. All six materials show increasing selectivity
with increasing pressure as adsorbate—adsorbate interactions
become more important. At 318 K and 1 bar of total pressure,
Fe,(dobdc) is capable of separating an equimolar propane/
propylene mixture into greater than 99% pure components.
Another iron-based metal—organic framework, MIL-100(Fe), is
capable of separating propane/propylene mixtures upon
reduction of a portion of its Fe>* centers.”>'**'*' The presence
of open Fe®* sites leads to an increase in the isosteric heat of
propylene adsorption from —30 to —70 kJ/mol.
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Long Alkanes and Alkenes. Alkanes are the primary
starting materials for alkene synthesis, and the products of these
reactions are mixtures of alkenes and unreacted alkanes which
require sesparation for purification of various industrial feed-
stocks.””** While some alkenes such as cyclohexene are not
industrially relevant,®® they are nonetheless informative from a
fundamental perspective.

Separating longer alkenes from alkanes is more complex than
shorter chains because of the distinct hydrophobic interactions
of the long chains and interactions with the 7 cloud of the
double bond. Sieving has been shown to be possible, as in the
example of isobutane separation from C2 and C3 alkanes and
alkenes due to rational design of pore sizes in Zn—carboxylate
metal organic frameworks.>"'#* Additionally, hints of separa-
tion ability were reported in ZIF-7, where the saturation
capacity of trans-2-butene is markedly lower than that of n-
butane, cis-2-butene, and 1-butene.>®

As a result of greater molecular surface area and geometric
flexibility in long alkanes, their adsorption is generally stronger
than that of their corresponding alkenes. This trend is seen for
n-octane and 1-octene in a suite of metal—organic frameworks
without unsaturated metal centers."” In a separate study,
isostructures of MOF-5 were shown to bind n-hexane more
strongly than 1-hexene. The strength of interaction was highest
for MOF-5 and decreased with increasing carbon atoms per
linker.*> Modeling shows n-pentane adsorption to be slightly
stronger than that of 1-pentene in MOF-5.*

As in shorter alkane/alkene separations, the most successful
mechanisms rely on open metal sites, and these sites are
selective for the alkene. This was shown by comparing metal—
organic frameworks with and without these sites."*> Addition-
ally, the open metal sites in Cuy(btc), have been studied in
depth. The material shows an expected preference for 1-
pentene over n-pentane.'** Isobutane and isobutene were also
separated in this material, and the isosteric heats of adsorption
were determined to be —42 and —46 kJ/mol, respectively.'*> A
breakthrough experiment at 303 K revealed excellent separation
characteristics.

MIL-53 and MIL-125 examples serve to illustrate that
selective adsorption of longer alkenes and alkanes is complex
and does not always depend on the presence of open metal
centers. Despite a lack of these sites, strengths of adsorption
within amino-MIL-53(Al) are higher for the alkene in pairs of
C2, C3, and CS normal alkanes and 1-alkenes.** n-Hexane and
1-hexene did not adhere to this pattern, and the binding was
stronger to the alkane. n-Butane also bound more strongly than
1-butene; however, the experimental details were reported to
be nonideal. This unexpected behavior is not limited to the
MIL-53-type MIL materials, as isoprene was selectively
adsorbed over 2-methylbutane in quuid-é)hase batch experi-
ments in MIL-125 and amino-MIL-125."*

Alkene Mixtures. Alkene/alkene separations primarily
consist of cis/trans isomer separations. The four butene
isomers are generated during the cracking process, and their
large-scale commercial use has been hampered by the lack of
separation technologies to isolate individual isomers. Distillative
separations of all four isomers are not feasible due to their close
boiling points.”> Therefore, over 70% of butene mixtures are
used directly in either gasoline or alkylation reactions to form
high-octane components of gasoline; however, about 10% are
able to be used for specialty chemical manufacture."*” The cis
and trans isomers have varying reactivity and utility, and so
improved separation technologies are an ongoing challenge.'**
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The adsorption of butenes has been reported in many
materials. The compound Cu(hfipbb)(H,hfipbb),s adsorbs
40% more of the trans isomer at 303 K, as it is more volatile.
In ZIF-7,%® cis-2-butene fits into the pores better than the trans
isomer. Interestingly, neither butene isomer was appreciably
adsorbed in MIL-53(Al) or MIL-47, although the pore
apertures are large enough to accommodate them as guests.149

In an n-hexane solution, Cuy(btc), selectively adsorbs cis-
butene over the trans isomer, with a modest separation factor of
1.9:1."*° The cis isomer is often favored in zeolites due to 7-
complexation with extraframework cations, and the open Cu®*
sites in Cus(btc), result in the same behavior. As four Cu**
centers point into one pore, after the adsorption of one butene
per four Cu®* centers, the selectivity drops. These results
represent a vast improvement over the current near-inability to
separate these isomers industrially. This separation extends to
longer hydrocarbon cis/trans isomer pairs, as high as methyl-9-
octadecenoate. An aluminum-based framework with benzene-
tricarboxylate linkers, MIL-96, adsorbs more than double the
amount of the slim trans-piperyline compared to cis-piperyline
or isoprene.'** This is also reflected in the enthalpies of
adsorption of —54.6, —53.0, and —52.1 kJ/mol, respectively. A
breakthrough column separated these alkenes as well.

In addition to cis/trans isomer separations, many other
alkene mixture separations have been reported. In catalytic
dehydrogenation processes, the location of double bonds in
alkenes is random, and different alkene position isomers are
feedstocks for specialty chemicals.>® In Cus(btc),, the
preferential adsorption of butane position isomers follows cis-
2-butene > l-pentene > trans-2-pentene.'*” In ZIF-7, the
saturation capacity of 1-butene is nearly 25% lower than either
2-butene isomer at 338 K, although the capacity for trans-2-
butene drops below the other butenes at 373 K.>®

Alkenes with the double bond at the 1-position have the
most industrial utility. They are synthesized in a variety of ways,
but when produced from n-alkanes they are generated as a
mixture of chain lengths.*® The separation of 1-alkenes, ranging
from ethene to hexene, was investigated in amino-MIL-53(Al).
Adsorption enthalpy increased in magnitude approximately
linearly with carbon number.>

In a more esoteric type of alkene separation, a homochiral
Cd**-based framework theoretically achieved partial separation
of enantiomers of 1,3-dimethyl-1,2-propadiene, 1,2-dimethylcy-
clobutane, and 1,2-dimethylcyclopropane.'®"

B AROMATICS

Aromatics are present in all petroleum, and benzene is generally
among the least represented molecules compared to others like
substituted benzenes.””> As polymer precursors, 24.6 million
tons of st}frene are produced per year. Vinyl toluenes'* and
cumene'™” are also important precursor molecules that require
separation. Xylenes and other substituted benzenes are almost
exclusively generated as mixtures and are important additives in
gasoline. p-Xylene is used for industrial chemical processes of
much more value than other C8 alkylaromatics, leading to the
necessity of separation. The close boiling points lead to highly
difficult and inefficient distillative separation processes. Ideal
separation materials preferentially bind p-xylene. Approximately
60% of p-xylene is currently separated using adsorptive
strategies; however, there is reported need for improvement
in this technology. Once p-xylene is removed,'>* the remaining
products also have disparate industrial worth. Subsequently,
materials are valuable that selectively adsorb m-xylene, the next
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Figure 5. Structures of (a) p-xylene, (b) o-xylene, (c) m-xylene, and (d) ethylbenzene in MIL-47, where gray, red, and pink represent C, O, and V
atoms, respectively. Reprinted with permission from ref 150. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.

most valuable isomer, from mixtures which include other
aromatics except p-xylene.155

C8 alkylaromatics, benzene, toluene, and polycyclic aromatic
hydrocarbons dominate the body of work covering adsorptive
separations of aromatic compounds in metal—organic frame-
works. Some more esoteric separations have also been reported,
such as separating fullerenes'>*'>” or industrially relevant'>®
substituted naphthalenes.'*">

Isosteric heats of adsorption for the most common aromatics
studied in metal—organic frameworks—benzene, toluene,
ethylbenzene, and xylenes—are available in Supporting
Information Table S2. Among the many materials that have
been studied, only MIL-47 and MIL-53 have shown substantial
separation among the most industrially relevant mixtures.
Specifically, MIL-47 demonstrated varying degrees of xylene
separation ability among the many papers probing this
adsorbent/adsorbate combination, including one detailing the
excellent separation of p-xylene from m- and o-xylene.
Additionally, MIL-53 can separate p-xylene from other xylenes
and aromatics; however, this is through the nonideal process of
selectively adsorbing the para isomer. MIL-101(Cr) was shown
theoretically to separate xylene isomers in the elution order p-
xylene > m-xylene > o-xylene,'® and follow-up experimental
studies could substantiate the promise of this material.'®" Due
to the large body of work surrounding these materials and their
exciting separation performance, they are treated in a separate
section from the other materials.

Early work on metal—organic frameworks hinted at their
ability to separate alkylaromatics,'®> and over time interesting
behavior has been observed between metal—organic frame-
works and aromatics. For example, one material forms in the
presence of certain xylene isomers but not others.'®® Some
materials have been reported to show almost no selectiv-
ity,'**'%> but the examples below illustrate the promise of
metal—organic frameworks for aromatic separations.

In MOFEF-5, the theoretical order of adsorption strength
increases in the order m-xylene > ethylbenzene > toluene >
benzene.** MOF-5 can experimentally separate any xylene
isomer from ethylbenzene in a breakthrough column, and in a
quaternary mixture the three xylenes elute essentially together
at 523 K.'¢ Similarly, Zn,(bdc),(dabco) binds alkylaromatics
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preferentially, with the Henry’s constants following the order o-
xylene > m-xylene > ethylbenzene > p-xylene; however,
quaternary breakthrough experiments show little to no
separaltion.lé7 The theoretical Zn,(bdc),(dabco) selectivity for
o-xylene over the other C8 aromatics lies between 1.3 and 1.9 at
temperatures as high as 448 K.

Breakthrough separations of o- and p-xylene in ZIF-8, ZIF-
76, Cu,(btc),, Niy(dobdc), and RHO-ZMOF, a zeolitic
imidazolate framework with extraframework In®" cations,
showed selectivity for the ortho isomer with the exception of
ZIF-8.'* The reason for the selectivity in ZIF-8 was the
required “saloon door”-style opening of the pore aperture,
leading to sieving selectivity. Sieving is also seen in MIL-96,
wherein tri-isopropylbenzene can be separated from p-xylene,
m-xylene, and 1 ,3,5-trimethylbenzene.169

Nonsieving chromatographic separations have also been
achieved. Benzene, toluene, ethylbenzene, and naphthalene
were separated on a packed column of MIL-100(Fe) at 298 K
using methanol and water as the mobile phase.'”® The
framework Cd(4-amino-3,5-bis(4-pyridyl-3-phenyl)-1,2,4-tria-
zole), adsorbs only toluene and benzene in the presence of
xylenes. When only xylenes are present, o- and m-xylene adsorb
in equal amounts, while p-xylene is not adsorbed measurably.'”!
In MIL-101, the molecular cross-sectional area is nearly linearly
related to uptake capacity for alkylaromatic compounds,'”*
although a packed column of MIL-101(Cr) was not found to
separate the corresponding liquid mixture.'®

Open-metal sites in Cuy(btc), and Ni,(dobdc) have been
theoretically shown to be inaccessible for binding the 7-system
in alkylaromatics.'>> Selectivity can still be seen in these
frameworks, as Cuy(btc), can separate xylenes, benzene,
toluene, and ethylbenzene chromatographically”® and prefer-
entially adsorbs a mixture of aromatics in the order decalin,
tetralin, 1,2,4-trimethylbenzene, o-xylene, p-xylene, m-xylene,
ethylbenzene, toluene, and finally benzene.'”® Modest
adsorption selectivity has been observed in fibers coated with
Cu,(btc),, which adsorb more p-xylene than ethylbenzene,
toluene, styrene, trimethylbenzene, or benzene.'”* Despite
similar single-component isotherms and only modest separa-
tion in a breakthrough,'”® styrene and ethylbenzene were
separated by a factor of 6 in batch experiments in Cu,(btc),.”®
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Perhaps the most promising material outside of the MIL
family for aromatic separations is UiO-66. This material
separates ethylbenzene and all three xylenes in a breakthrough
scenario, although the crucial separation between the para and
meta isomers is only modest.*>"”

MIL-47 and MIL-53. MIL-47 and MIL-53 have been
studied extensively for aromatic hydrocarbon separations, both
in tandem and individually. In these studies, theoretical models
are highly useful, as C8 alkylaromatics in MIL-47 and MIL-
53(Al) can be modeled with near-experimental accuracy.'”®
When comparing the xylene selectivities in these frameworks,
those in MIL-47 are much higher.'’® The strengths of
adsorption of C8 alkylaromatics in MIL-47 are not substantially
different, and coupling that observation with incongruent
uptake capacities leads to the conclusion that entropic
differences dominate the selectivities in this material, although
enthalpic differences do enhance the separations. Rietveld
refinement of powder diffraction data for MIL-47 crystallites
loaded with the four C8 alkylaromatics confirmed this
hypothesis, as shown in Figure S. Styrene and ethylbenzene
vapor separation in MIL-47 and MIL-53(Al) were also shown
to be enthalpic for MIL-53(Al) and entropic for MIL-47,
although the selectivity for styrene is higher in MIL-53(Al)."”
Density functional theory calculations support the hypothesis
that xylene isomer separation is primarily entropically driven in
MIL-47.'%

Despite different separation mechanisms and performance,
similar strategies can be used to modify sorption within the
pores of MIL-47 and MIL-53. When the bdc®~ linker of MIL-47
or MIL-53(Al) is partially fluorinated, both o- and p-xylene are
still adsorbed significantly, whereas water sorption is signifi-
cantly less and the MIL-53(Al) fluorinated analogue is
extremely water resistant.'®" This property is favorable because
hydrolytic stability is crucial for industrial applications.

Due to its superior separation abilities, the mechanism of
alkylaromatic adsorption in MIL-47 has been of great interest.
Clear conclusions were extracted about the bonding of xylenes
in MIL-47 using previous results and calorimetrically derived
adsorption enthalpies.'>* The ethylbenzene heat of adsorption
is derived primarily from the alkyl group interaction with the
framework walls, while p-xylene can overlap with another p-
xylene molecule and the walls of the framework ideally and m-
xylene requires some tilt to fit into the pores that decreases the
strength of adsorption. Both entropy and enthalpy factors result
in chromatographic separation of ethylbenzene, while enthalpic
factors are primarily responsible for the para/meta separation.
These observations held true at high and low loadings. Most
other alkylaromatics fall along a linear trend of increasing
adsorption enthalpy with molecular polarizability."®* Size
exclusion generates small deviations from this trend, with
mesitylene and o- and m-xylene being examples of lower
enthalpy than expected based on their polarizability.

Breakthrough results vary drastically among different reports.
This is often a byproduct of different experimental temper-
atures and total pressures; however, in a quaternary mixture at
338 K three separate fractions were observable: ethylbenzene
eluted first, followed by a close combination of p- and m-xylene,
and finally o-xylene (Figure 6).'® In a separate study, MIL-47
showed selectivity for p- over m-xylene and almost complete
separation of all three xylene isomers in a chromatographic
column. This same sample could not separate ethyltoluene
isomers.'®* Activation conditions were shown to alter its

selectivity only slightly.
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Figure 6. Results of a four-component breakthrough experiment on
MIL-47 at 383 K and 0.5 bar total hydrocarbon pressure. Reprinted
with permission from ref 183. Copyright 2008 American Chemical
Society.

Other alkylaromatics can also be separated in MIL-47.
Longer alkyl chains have been shown to bind more strongly, as
seen by comparing cumene vs. n-propylbenzene. The same
trend is seen for the series spanning from ethylbenzene to n-
octylbenzene.">

The adsorption of alkylaromatics in MIL-53 compounds has
also been studied extensively. Single-component isotherms of
xylenes and ethylbenzene in MIL-53(Al) show that an
adsorption step present in all of these isotherms moves to
higher pressures at higher temperatures.'® These single-
component adsorption differences are reflected in the
adsorption strengths of these different adsorbates, which follow
the order ethylbenzene > o-xylene > m-xylene > p-xylene, and
further increases with increasing coverage, ranging between
—10 and —20 kJ/mol. The structures of MIL-S3(Al) loaded
with xylenes reflect the adsorption and breakthrough data. Both
methyl groups of o-xylene can interact with the framework
carboxylate groups, while only one m- and p-xylene each can
have this interaction. The framework is most distorted upon
adsorption of o-xylene and least for the para isomer. The
entropy of adsorption is significantly less negative for o-xylene
than for the other two isomers, which explains the discrepancy
between the relative enthalpies and breakthrough elution
order.'®'% The flexibility of MIL-53(Al) creates a separation
environment that is highly dependent on total pressure, as at
383 K the separation is poor at 0.0009 bar but improves at
0.056 bar.""”

Liquid and gas-phase separation of C8—C10 alkylaromatics
have also been reported for MIL-53(Al)."*® In batch experi-
ments, the selectivity order is o-xylene > ethylbenzene> p-
xylene ~ m-xylene. Similarly, p- and m-ethyltoluene were not
separated from each other but were baseline separated from o-
ethyltoluene and o-cymene. Similar behavior was seen for
pelletized MIL-53(Al)."*

A study focusing on the structural transitions of MIL-53(Al)
showed that all C8 alkylaromatics cause a distortion in the
flexible framework structure;'>® however, the distortion caused
by the interaction of the xylene methyl groups with the
carboxylates of the framework is less disfavored than that
caused by ethylbenzene. Both methyl groups in o-xylene can
interact favorably with the framework, leading to the high
strength of adsorption. This study reported that p-xylene has
more possible adsorption sites and, therefore, is entropically
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favored. These competing factors result in the difficulty of
separation of xylene isomers in MIL-53(Al). In liquid
chromatography separations, MIL-53(Al) outperformed a
conventional LCMS column for toluene and ethylbenzene
separation at 298 K,'”° although different eluents have
produced different results."”!

Excellent alkylaromatic separation in MIL-53 is not limited to
the aluminum isostructure. In a variety of experiments, xylene
isomers have been found to behave differently in the pores of
MIL-53(Fe).'”> The isotherm of o-xylene is essentially of Type
I, while that of m-xylene shows one step and that of p-xylene
shows two: one at the same pressure as m-xylene and one at a
lower pressure. The o-xylene isomer is adsorbed with
substantially higher uptake capacity than the other isomers,
although m-xylene has the highest strength of adsorption.
Crystal structures of MIL-53(Fe) loaded with xylenes show
similar behavior between o- and m-xylenes, with 7—x
interactions between the xylene and the bdc®~ linker. This
interaction is not found in p-xylene. Binary breakthrough
experiments with the three xylene isomers show separation of
para/ortho and para/meta mixtures. In addition to MIL-53(Fe),
a Mn-based MIL-53 analogue with pyridine N-oxides as y,-O
substitutes shows better 7 overlap with benzene than
toluene.'”?

Polycyclic Aromatic Hydrocarbons. Polycyclic aromatic
hydrocarbons, or PAHs, are carcinogenic byproducts of
incomglete combustion of organic matter such as fossil
fuels."””* The emissions of PAHs totaled approximately
550000 tons in 2004."”° The major source of PAHs in air,
water, soil, and food are anthropogenic—either vehicular
emissions or stationar%r sources such as petroleum cracking or
residential heating.l%’ °7 Their vapor pressures span a range of
~107, and they can be present in the gas phase (e.g,
naphthalene) or as adsorbed solids (organics with five rings
and higher).'"”® Their separation is critical to obtaining an
environmental profile of these pollutants.'” The current
CGMS separation techniques for separation are far from
optimized, as the uncertainties of quantitation are quite high.
Metal—organic frameworks could serve as a new frontier in
PAH separation for analysis. Additionally, preconcentration of
these pollutants from air samples is under investigation, and
adsorbents such as metal—organic frameworks could serve a
dual purpose of preconcentration and analytical separation.
This preconcentration inquiry is relatively new in metal—
organic frameworks, but promisin§ results have shown promise
for extracting PAHs from water.””° %

The wide range of sizes of PAHs allows for size-exclusion
separations. To this end, both Cuy(btc), and MOF-S can sieve
pyrene from phenanthrene, anthracene, naphthalene, and
benzene, as well as benzene from a more complex mixture of
PAH’s.'7

The strength of adsorption of polycyclic aromatic hydro-
carbons at low loadings in metal—organic frameworks is
relatively strong, and therefore they can often be discriminated
based on adsorption strength. These differences in adsorption
strength were seen theoretically in Cuj(btc),, MOF-§
isostructures, and MIL-53(Cr).””” Experimentally, PAHs were
separated on a reverse-phase liquid chromatography column
packed with MIL-53(Al)."*°

Strengths of adsorption were also used to separate PAHs
using a less conventional strategy: When exposed to an
activated sample of Ni,(u,—OH,)(1,3-bdc),(tpcb), (tpcb =
tetrakis(4-pyridyl)cyclobutane), naphthalene sublimes and is
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adsorbed selectively from a mixture of naphthalene and
anthracene. The ability of naphthalene to align favorably within
the pores was cited as the reason for this selectivity.”*

The separation of PAHs is generally for identifying
components of mixtures, and therefore the separation is not
necessary if identification can be achieved without it, and
different PAHs can be detected, albeit not separated, using
creative techniques in metal—organic frameworks. For example,
the magnetic susceptibility of the spin-crossover compound
[Fe(dpe)][Pt(CN),] (dpe = trans-(1,2-di(4-pyridyl)-ethylene)
changes drastically among guests phenazine, anthracene, and
naphthalene.***

Aromatics and Aliphatics. The separation of aromatics
from aliphatics is applicable to petroleum refining.>> These
molecules all fractionate together and ultimately need to be
separated for a variety of uses. Separation generally involves
inefficient distillation or extraction, while sometimes 7-
complexation adsorbents are used.””® Some papers report
single isotherms of hydrocarbons of interest, but without
thermodynamic or separation data, little information about
their separation ability can be deduced.**® Other studies report
a lack of separation ability, as in the nearly identical strength of
adsorption of benzene and cyclohexane in M(bdc)(ted)ys (M =
Zn, Cu).”!

Generally, metal—organic frameworks can interact more
strongly with alkylaromatics than small molecules or aliphatic
hydrocarbons, as seen theoretically in Cus(btc),, MOF-§
isostructures, and MIL-53(Cr).>"” Similarly, a series of
metal—azolate frameworks’®® can selectively adsorb specific
aromatics in nonaromatic solvents.

Comparing aromatic rings with hydrocarbons of similar sizes,
some metal—organic frameworks bind aliphatics more strongly
than their aromatic counterparts. Decalin theoretically binds
MOFE-S slightly more strongly than tetralin, an adsorbate with
the same number of carbons but three unsaturated bonds.*’
Benzene binds less strongly than n-hexane or 1-hexene in
amino-MIL-53.>> Benzene is less strongly adsorbed than
cyclohexane or n-hexane in MIL-47, which shows distinctive
structural deformations upon adsorption of benzene, 1,4-
cyclohexadiene, 1,3-cyclohexadiene, cyclohexene, and cyclo-
hexane.**

The majority of aromatic/aliphatic separation studies show
preference for the aromatic adsorbate, presumably due to
favorable interactions with the aromatic linkers. The strength of
adsorption of toluene is much higher than that of n-hexane in
MIL-101(Cr).>'° Some novel materials separate benzene from
cyclohexane very effectively. When exposed to a 1:1 mixture of
benzene and cyclohexane, a disproportionate amount of
benzene is adsorbed in the pores of NH,[Cu;(u;-OH)(p5-4-
carboxypyrazolato);].'*" Similarly, a pillared zinc carboxylate
framework adsorbs essentially entirely benzene when exposed
to a 1:1 benzene:cyclohexane mixture.”'' Here, pore size was
posited to be the source of the selectivity.

MOF-5 also binds aromatics more strongly than aliphatics. In
an early study, MOF-5 was shown to adsorb cyclohexane
slightly more strongly and with a modestly higher capacity than
benzene.*'* However, a later, more rigorous investigation
showed contrasting results.>> Adsorption isotherms were
reported for benzene, toluene, cyclohexane, methylcyclohexane,
1-hexene, and n-pentane through n-octane in MOF-5 and two
isostructures. When comparing the same number of carbons,
the aromatics bound more strongly than the cyclic aliphatics.

dx.doi.org/10.1021/cm402897c | Chem. Mater. 2014, 26, 323-338



Chemistry of Materials

Open metal sites can allow for even more selective binding to
aromatics. Through a comparison with MIL-53(Al), the open
Cu? sites in Cuy(btc), were shown to adsorb m-xylene in the
presence of an alkane solvent. As the length of the alkane
solvent decreased, less was adsorbed for each material. The
capacity of m-xylene decreased to almost zero for MIL-53(Al)
and plateaued near 4 wt % for Cuy(btc),."*” The selectivity of
Cuj(btc), for benzene or toluene over cyclohexane is preserved
and potentially enhanced when polyoxometalates are present in
the pores.”"

B CONCLUSIONS AND OUTLOOK

Since the outset of hydrocarbon separation experiments in
metal—organic frameworks approximately a decade ago, the
ability to separate mixtures more efliciently—or even access
previously impossible separations—has demonstrated the
utility of these materials. The variety of normal alkanes studied
has shown that, for a given system, a metal—organic framework
seemingly exists for separating any mixture of saturated
adsorbates. The pore shapes of metal—organic frameworks
offer a novel platform for separating branched alkanes based on
shape, as zeolites or other porous materials are constructed in
ways that preclude features such as acute angles. As a result,
valuable highly branched isomers that could only be isolated by
distillation can now be separated by adsorption. Additionally,
coordinatively unsaturated metal centers have been shown to
be an excellent strategy for separating alkenes from alkanes.
Finally, the separation of xylenes (and other aromatics) has
been demonstrated in the MIL series of metal—organic
frameworks, a separation which was also previously inaccessible.

This review has attempted to be comprehensive, and yet the
number of metal—organic frameworks is limited to only a
fraction of the materials reported to date. New structure types
or properties could improve upon the results seen here. Using
the current canon of literature results to direct efforts toward
new or overlooked metal—organic frameworks, specifically
those that are stable to heat and impurities like water, could
result in new discoveries. Petroleum technology, from which
most hydrocarbons are derived, is highly mature, and therefore
investigations of other porous materials like zeolites have been
exhaustive, making metal—organic frameworks with novel
properties particularly exciting. Experimentally, future direc-
tions could focus strongly on breakthrough data. These results
are particularly useful in evaluating the practical ability of a
material to separate hydrocarbons, either with new frameworks
or materials that have been evaluated using adsorption or
computer modeling. Advances in computational modeling have
also begun to allow for screening of large databases of real and
predicted metal—organic framework structures, and this
strategy could continue to be used in partnership with
experimental work.”'* Modeling studies can also investigate
dozens of adsorbates on a single promising material, potentially
identifying materials that could be scaled up for use in a variety
of processes.”"®
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