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ABSTRACT: Separation of volatile organic compounds is one of
the most studied processes in industry. TAMOF-1 is a homochiral
metal−organic framework with a crystalline network of inter-
connected ≈1 nm channels and has high thermal and chemical
stability. Thanks to these features, it can resolve racemic mixtures
of chiral drugs as a chiral stationary phase in chromatography.
Interestingly, the particular shape and size of its channels, along
with the presence of metallic centers and functional groups, allow
establishing weak but significant interactions with guest molecules.
This opens interesting possibilities not only to resolve racemates
but also to separate other organic mixtures, such as saturated/
unsaturated and/or linear/branched molecules. In search of these applications, we have studied the separation of volatile organic
compounds in TAMOF-1. Monte Carlo simulations in the grand-canonical ensemble have been carried out to evaluate the
separation of the selected molecules. Our results predict that TAMOF-1 is able to separate xylene isomers, hexane isomers, and
benzene−cyclohexane mixtures. Experimental breakthrough analysis in the gas phase and also in the liquid phase confirms these
predictions. Beds of TAMOF-1 are able to recognize the substitution in xylenes and the branching in hexanes, yielding excellent
separation and reproducibility, thanks to the chemical and mechanical features of this material.
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■ INTRODUCTION

Metal−organic frameworks (MOFs) are a class of porous
crystalline materials which are made by the coordination of
organic ligands and metallic centers, producing an extended
network in the solid state. Due to their versatility, the
applications described for MOFs are very extensive and include
catalysis, separation and purification, gas storage, and drug
delivery, among others.1−4 Focusing on the separation
processes, the ability to implement pores of specific sizes and
shapes offers the possibility of synthesizing new materials for
selective separation. An example is the design of MOFs for
selective adsorption of gases, hydrocarbons, aromatic com-
pounds, or enantiomers.5−10

TAMOF-1 (triazole acid metal−organic framework) is a
chiral MOF with high stability upon water and organic solvents
and permanent porosity. It is formed by the coordination of
copper(II) (as a metallic center) and (S)-3-(1H-imidazol-5-yl)-
2-(4H-1,2,4-triazol-4-yl)-propanoic acid (as an organic linker)
(Figure S1). Due to the presence of stereogenic centers in their
linkers, TAMOF-1 can be used for the separation of certain
chiral molecules. Recently, we have reported the separation of
model racemic mixtures (including drugs) using a bed of
TAMOF-1 incorporated into HPLC columns.10 Moreover, the
reported mechanism of separation by Corella-Ochoa et al., that
is, a combination of weak host−guest interactions and weak
preferential adsorption between different compounds could

make TAMOF-1 extensible as a versatile molecular sieve to a
wide range of non-chiral molecules. The type of tortuous,
narrow, persistent (chiral), 3D-connected channels, together
with the designed column device, seems to indicate that a small
difference in the adsorption properties would imply not only a
preferential attachment mechanism toward enantiomer selec-
tivity but also the transport of the whole through the column. In
this work, we assume that this mechanism will also be efficient
for structural isomers of compatible size with the porosity of
TAMOF-1; for instance, the separation of saturated/unsatu-
rated compounds based on the interaction with the metal or the
separation of linear/branched molecules based on the shape of
the channels. Separation of volatile organic compounds, one of
the most studied processes in industry, includes all the earlier
mentioned groups.
Aromatic hydrocarbons are a relevant fraction of volatile

organic compounds (VOCs). Among them, xylene is an
important environmental pollutant. The three isomers vaporize
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and divide into other harmless chemicals. Short-term exposure
to xylene isomers is related to some health problems such as
irritation of the nose or eye and other neurological, reproductive,
or gastrointestinal toxic effects. Long-term exposure could cause
hazardous effects on several human systems: respiratory, central
nervous, cardiovascular, and renal systems.11 The capture and
separation of xylene isomers (o-, m-, and p-xylene) is a complex
process because of the similarities of the three molecules. In fact,
the only difference is the relative position of the twoCH3 groups.
Although their properties are very similar, the applications differ
for each isomer.12 p-Xylene is essential for synthesizing
polyethylene terephthalate and polybutylene terephthalate. o-
Xylene and m-xylene are raw materials for the production of
phthalic anhydride and isophthalic acid, respectively. p-Xylene is
the most widely used among the three isomers in industry and
thus its separation is important. Regarding conventional
methods, distillation is only useful for separating o-xylene due
to the difference between their boiling points (o-xylene: 417.5 K,
m-xylene: 412.3 K, and p-xylene: 411.5 K).13 More recently,
porous materials (including MOFs14−16 and zeolites17−19) have
also been used for this purpose, showing different selectivities
toward the isomers depending on the framework selected.
Castillo et al.14 studied the separation of xylene isomers using
MIL-47 via Monte Carlo simulations finding adsorption
selectivity (o-→ p-→ m-xylene) due to the specific interactions
related to the CH3 groups. Peralta et al.15 carried out the
targeted separation using ZIF-8 based on the flexibility of the
selected structure, obtaining a great separation in the gas phase.
Jin et al.16 used a novel microporous material as the molecular
sieve to separate p-xylene from a mixture of the three isomers.
Among these isomers, separation of m-xylene using zeolites has
also been reported. In particular, Yuan et al.20 studied the
separation of xylene isomers usingMFI-type zeolite membranes.
They found lower diffusion for m-xylene than for the other
isomers. As has been commented above, Rasouli et al.18 also
separated m-xylene from a mixture of the three isomers using
NaY zeolite. They investigated the effect of different factors
during the separation, finding that the nanoscale increases the
selectivity.
Benzene−cyclohexane separation is one of the most complex

process in industry due to similarities between these two
molecules. For instance, the difference in their boiling points is
only 0.6 K, and this makes conventional methods such as
distillation inefficient to carry out the separation. In search for
new alternatives, many studies related to targeted separation
using porous materials have been reported.21−25 Zeolites,
MOFs, and derived materials have been used to separate these
two molecules based on the π-complexation (also named π-
bonding). Mukherjee et al.23 carried out the separation using
some members of the MOF-74 family due to the interaction
between the aromatic ring and the open metal site. Liu et al.21

explained the separation based on the same criterion and
attributed the lower diffusion of benzene to this phenomenon. π-
Complexation is related to the interaction of the aromatic ring
(benzene) and the metallic center (MOFs) or the cation
(zeolites or aluminosilicates), and it has also been described in
other systems.26,27 Separation of benzene from a mixture of it
with cyclohexane is important due to the toxicity of the first
one.28−30

Separation of isomers of hexane is an important process in
industry due to its relation to the isomerization of alkanes. This
process is gaining increasing importance in the petroleum
industry.31,32 In a conventional reactor for hexane isomerization,

the product contains a distribution of chemical compounds
including the unreacted n-hexane, its monobranched isomers (2-
methylpentane and 3-methylpentane), and its dibranched
isomers (2,2-dimethylbutane and 2,3-dimethylbutane). Com-
monly, LTA zeolite is used as a molecular sieve, allowing the
adsorption and diffusion of linear molecules and recycling n-
hexane as a chemical precursor of the isomerization reactor. The
degree of branching is related to the octane number, and
dibranched isomers are preferred.33 Considering this fact,
separation of hexane isomers based on the degree of branching
is required. Many studies about hexane isomer separation using
porous materials are found in the literature.34−38 Mendes et al.35

used ZIF-8 to carry out the separation of hexane isomers,
obtaining high selectivity toward n-hexane. Ferreira et al.38 used
MFI-type zeolites to study the effect of the Al content on the
separation of hexane isomers and found that Silicalite-1 is
promising for this purpose. Ferreira et al.39 also studied the
separation of hexane isomers using MFI zeolite and obtained
great selectivity toward the less branched isomers (linear >
monobranched > dibranched). Separation of hexane isomers is
also important due to the possible toxic effects.40,41

In this work, we carried out Monte Carlo simulations to study
the separation of xylene isomers, hexane isomers, and benzene−
cyclohexane using an interesting water-proof MOF with high
stability. The shape and size of its channels and the presence of
metallic centers offer the possibility to separate linear/branched
and saturated/unsaturated molecules. All our computational
predictions have been confirmed by experimental data. The
corresponding breakthrough curves (BCs) for the mixtures
using TAMOF-1 demonstrate its molecular recognition
features: TAMOF-1 can distinguish between cyclic compounds
based on the interaction with the metal (benzene−cyclohexane
system), the degree of branching (hexane isomers), and
positional isomers (xylene isomers). In addition to the already
reported recognition features in the separation of chiral
compounds, TAMOF-1 appears as a unique, outstanding
chromatographic stationary phase for molecular separation in
the liquid phase and also in the gas phase.

■ EXPERIMENTAL DETAILS
Chemicals andMaterials. TAMOF-1, with the molecular formula

[Cu(H2O)2(C8H8N5O2)2]·6H2O, was synthesized following the
procedure described in a previous publication.10 Table 1 shows a

summary of crystal data and physical properties of TAMOF-1.
Furthermore, complete crystal structure characterization can be
found in the aforementioned publication. All chemicals employed
were of commercial grade and used without further purification. Xylene
isomers: p-xylene (C6H4(CH3)2, 99%), m-xylene (C6H4(CH3)2, 99%),
o-xylene (C6H4(CH3)2, 97%); hexane (C6H14, 99%); 3-methylpentane
(C6H14, 98%); 2-methylpentane (C6H14, 98%); 2,3-dimethylbutane

Table 1. Summary of Crystal Data and Physical Properties of
TAMOF-1

formula [Cu(H2O)2(C8H8N5O2)2]·6H2O

molecular weight, g/mol 583.93
crystal system cubic
space group P43/32
surface area BET, m2/g 980.50
pore volume, cm3/g 0.38
framework density, g/m3 1.14
particle size, μm 0.2−10.0
crystal size, mm3 1.5 0.05 × 0.03
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(C6H14, 99%); 2,2- dimethylbutane (C6H14, 99%); cyclohexane
(C6H12, 99%); and benzene (C6H6, 99.9%) were supplied by Sigma-
Aldrich.
Dynamic Fixed-Bed Column Adsorption Experiments. Fixed-

bed adsorption experiments were performed by using the experimental
setup shown in Figure 1. Nitrogen (Praxair, 99.999%) was used to
vaporize the liquid studied compounds inside a trap (see later). The
flows of the inlet N2 gas streams were controlled by a set of calibrated
mass flow controllers (Bronkhorst EL-FLOW).
A manometer and a backpressure controller (Bronkhorst, EL-

PRESS) were placed downstream the separation module. A manometer
was also used upstream the bed to monitor the actual pressure in the
bed under no pressure control conditions. Unless otherwise stated, all
pressure values are reported in units of absolute bar (bar). The
separation module was heated by a linear power silicone heating wire
(Ø 3 mm FOR-FLEX NORMAL, Electricfor) rolled around the
column; the temperature was measured with a K-type thermocouple
(Thermocoax) inserted in the middle of the bed, and it was controlled
with a temperature controller EZ-Zone (Watlow). The outlet stream of
the column was on-line analyzed using a micro gas chromatograph
(MGC, Agilent MicroGC 490) equipped with Molsieve MS5A, using
Ar as a carrier gas (99.999% purity), and a PoraPLOT U column, using
He as the carrier gas (99.999% purity), along with thermal conductivity
detectors. A separation module with 50 mm length and 10 mm inner
diameter was employed as an MOF container. In particular, the as-
synthesized TAMOF-1 powder (700 mg) was packed in the middle of
this module to form a bed with 10 mm length and 10 mm diameter, and
the rest of the volume was filled with glass wool, as shown in Figure 2.

TAMOF-1 thermal stability up to 423−433 K was previously
confirmed by thermogravimetric analysis (TGA) using a TGA/
SDTA851 Mettler (Figure 3a). The initial weight loss of 22% is
attributed to TAMOF-1 dehydration. Prior to gas separation
measurements, TAMOF-1 was activated in situ for water removal at
393 K (1 K min−1) using N2 stream (100 NmL min−1). Activation was
in situ monitored by MGC analysis of the water content in the outlet

stream (see Figure 3b). One can observe that TAMOF-1 is totally
activated after 3 h following this activation procedure, which could be
accelerated by increasing either the N2 flow or the heating rate.

To perform fixed-bed column adsorption experiments, nitrogen-
vaporized compounds were produced by the nitrogen bubbling
method. The reservoirs, filled with the liquid compounds, were
conditioned to control the vapor pressure. Nitrogen was passed through
the container at a desired rate. A continuous flow of vaporized
components was obtained and subsequently directed toward the
packed column where the adsorption takes place. The partial pressure
of each compound was calculated with the Wagner equation5 at the
given temperature to obtain the approximate concentration. Unless
otherwise specified, after the experiments, the MOF was cleaned with
N2 sweep gas for 8 h (at least) at a total flow rate of 100NmLmin−1, 393
K of temperature, and 1.2 bar of pressure to ensure the total desorption
of any gas trace from the MOF before the subsequent experiment. The
effect of operation conditions on the desorption experiments has also
been evaluated.

Experimental BCs2,3 are typically plotted as the gas concentration
fractions, denoted as C/C0, where C and C0 are the outlet and inlet
concentrations, respectively, as a function of time. It is important to
mention that before saturation, a roll-up effect takes place, which is very
common in binary mixture breakthroughs. This consists of the
displacement of part of the adsorbed amount of the first-eluting gas
compound by the second-eluting one when the delayed mass front of
the latter faces the bed full of the former.4 This leads to the elution, for a
short period of time, of the first-eluting gas flow rate higher than that in
the feeding stream. To plot the BCs, the corresponding transit time or
death time of the gas, which is the time necessary to the gas mixture to
flow through the separation module and all the pipes leading to the
analyzer, has been calculated and subtracted at each operation
condition.

In order to evaluate the separation properties, different parameters
were calculated from the BC. The breakthrough time has been defined
as the time it takes for the gas to reach 1% of the respective inlet
concentration at the adsorption column outlet. The adsorption capacity
at saturation point (qs) for each gas compound, in mmol g−1, is the most
common adsorption capacity parameter found in breakthrough studies
and refers to the total amount of a gas component adsorbed on the
MOF before this gets saturated, that is, when the gas reaches the inlet
concentration at the outlet stream. It can be estimated from the
integration of BCs through the following equation

∫ ρ
= −

i
k
jjjjj

y
{
zzzzzq 1

C
C

C F

m
dt

PMs 0

t

0

0 0 0

MOF 0

s

(1)

where ts, in min, is the saturation time or equilibrium time, defined as
the time to reach 99% of the inlet concentration in the outlet stream; C
and C0 are the outlet and inlet gas concentrations, respectively; F0 is the
overall inlet molar flow rate, in mL/min; mMOF is the mass of the MOF

Figure 1. Scheme of the fixed-bed adsorption setup. MF: mass flow controller, PI: pressure indicator, PR: pressure regulator, MGC: micro-gas
chromatograph, FM: flow meter.

Figure 2. Drawing of the fixed-bed column filled with TAMOF-1.
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(activated) in units of g; ρ0 is the density of feed gas in units of g/L; and
PM0 is the molecular weight of the gas in units of g mol−1. The
adsorption selectivity at saturation (Ss) is estimated at the given
pressure and temperature conditions through the following equation

=S
q C

q C

/

/s i j
s i 0 i

s j 0 j
, /

, ,

, , (2)

where qs,i and qs,j are the individual adsorption capacities of gases
measured after MOF saturation. Ss,i/j ≥ 1.1 means that the mixture can
be successfully resolved by the adsorbent via chromatography. Ss,i/j > 1.5
indicates excellent separation features.

■ SIMULATION DETAILS
Simulations were performed using the RASPA code.42 TAMOF-
1 was considered a rigid framework, and the charges were taken
from a previous work using Qeq calculations.43 The Lennard-
Jones parameters were taken from Universal Force Field for
metallic centers and DREIDING force field for organic
linkers.44,45 Host−guest and guest−guest interactions were
described using Lorentz−Berthelot mixing rules. This procedure
has been extensively validated.46−49 A rigid model was also used
for xylene isomers and the benzene−cyclohexane system. Note
that chair and twist-boat (tboat) conformers were selected for
cyclohexane. For hexane isomers, a flexible model was
considered, and parameters were taken from Transferable

Potentials for the Phase Equilibria force field.50 All molecules
were described using united-atoms. Intramolecular potential
included bond, bend, dihedral torsion, and electrostatic
Coulomb terms.
Heat of adsorption was calculated for all the molecules using

the Widom Test Particle Insertion method at infinite dilution.51

To insert the molecules inside the framework, the Configuration
Bias Monte Carlo method was used. Monte Carlo simulations in
the grand-canonical ensemble (μVT MC) were carried out to
obtain the single adsorption isotherms of the guest molecules at
different values of temperature (depending on the adsorbate).
This ensemble allows the number of molecules to fluctuate by
fixing the chemical potential (μ), the volume (V), and the
temperature (T).
We have calculated binding energies and geometries for some

of the components of the mixtures to show what kinds of host−
guest interactions are relevant. We have obtained these
geometries by performing energy minimizations. To avoid
obtaining structures in local minima, we performed a previous
NVTMC, fromwhich we chose a snapshot of the trajectory with
the energy minimum. We select the coordinates of this snapshot
to perform the energy optimizations.
Ideal Adsorbed Solution Theory (IAST)52 implemented with

the GAIAST code53 was used to predict the mixture adsorption
based on the behavior of the single adsorption isotherms of the

Figure 3. (a)TGA of TAMOF-1 (as-synthesized). (b) In situ monitoring of TAMOF-1 activation in a fixed-bed column under N2 flow stream by water
analysis in the effluent with a microgas chromatograph.

Figure 4. (a) Single adsorption of o-xylene (red),m-xylene (green), and p-xylene (blue); (b) equimolar mixture isotherms (same code color); and (c)
adsorption selectivity of Sop (pink line), Smp (yellow line), and Som (light-blue line) in TAMOF-1 at 393 K. Lines and symbols are related to simulations
and IAST prediction, respectively.
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pure components. The Langmuir−Freundlich dual-site model
was used for all systems. The adsorption mechanism on
TAMOF-1 detailed in the Introduction section allows us to
hypothesize that the adsorption and separation processes can be
studied with IAST calculations as the system fulfils all the
prescriptions for its use.54 We have also performed μVT MC
simulations for the multi-component adsorption isotherms to
validate some of the IAST predictions (see Figure S2).
The average occupation profiles were computed using a

homemade code by averaging the entire trajectory recorded
during grand-canonical Monte Carlo simulations at a selected
value of pressure. The π-interaction between moleculesxylene
isomers and benzenewas also computed by using a home-
made code. We have considered all the parallel and
perpendicular aromatic stacking arrangements.55 For both
arrangements, we used a geometrical criterion based on two
cutoffs: (i) the distance between the two aromatic rings and (ii)
the angle between the aromatic rings that should be between 0
and 30° or 60 and 120° for parallel and perpendicular
arrangements, respectively.56 To obtain the mentioned
distances, we have used the first minimum of the radial
distribution function (RDF) from molecular dynamics simu-
lations of the molecules in the bulk (reproducing the density).

■ RESULTS
Separation of Xylene Isomers. To study the separation of

o-xylene, m-xylene, and p-xylene, single adsorption isotherms of
the three isomers have been obtained at 393 K using Monte
Carlo simulations in the grand-canonical ensemble. The
GAIAST code was used to obtain multi-component adsorption
isotherms.We have also calculated the adsorption selectivities to
show the separation of the isomer from the other two isomers.
Figure 4 shows the single adsorption isotherms, the IAST
prediction for the mixture, and the adsorption selectivity at 393
K. As shown in the adsorption isotherms of the pure
components, the initial pressure at which the molecules start
to adsorb is almost the same for the three compounds. The
calculated heat of adsorption of the isomers is also very similar
(o-xylene: −54.94 kJ/mol, m-xylene: −55.84 kJ/mol, and p-
xylene: −56.66 kJ/mol). This means that the interaction
between the three molecules and the framework is alike at
infinite dilution.
Multi-component adsorption isotherms show that o-xylene

and p-xylene are preferred over m-xylene. This can also be
observed in the adsorption selectivity (Sij, i,j = o, m, p). As shown
in Figure 4, Sop has a value of about 1, showing a similar trend in
the adsorption of o-xylene and p-xylene (pink line). Smp (yellow
line) and Som (blue line) are also related to the preference for o-
xylene and p-xylene over the m-isomer, respectively. To explain
the selectivity during the separation, the interaction between the
molecules of each isomer inside the framework has been
analyzed. First, we focused on the π-interaction (nπ) considering
the aromatic rings in all the molecules. As shown in Figure S3, in
the Supporting Information, the interaction increases with the
adsorption loading due to the presence of a higher number of
molecules inside the framework. However, this π-interaction is
very similar for all cases, indicating that it is not a key factor in
the separation of xylene isomers.
The selectivity in favor of o-xylene and p-xylene could be

related to the interaction with the framework and in particular to
the characteristic shape of the channels in TAMOF-1. As a
result, the heats of adsorption of the three isomers were
calculated as a function of loading (Figure 5). As can be seen, the

physical basis behind the separation is based on the concept of
“preferential attachment”: the small difference in adsorption
enthalpies does not seem to be sufficient to generate separation
at the maximum dilution limit. However, the entry of a first
isomer type generates a break in the symmetry of which type of
molecule enters next, which is linearly determined by the heat of
adsorption with nmolecules already adsorbed (Figure 5), that is,
the adsorption of a first molecule of type “a = o-, m-, or p-”
generates a more affine environment for a second molecule of
the same species. The narrow channel favors this behavior, and,
in turn, the 3D porosity enables the transport of less trapped
molecules.
To identify the reason of the strongest interaction of o-xylene

and p-xylene with the framework at infinite dilution, we calculate
the binding geometries for each isomer, and we extract the RDFs
of the relevant interactions from MC simulations as well. Figure
6a−c shows the binding geometries for each isomer in TAMOF-
1. As can be observed from the shaded circles, o-xylene and p-
xylene interact with the two CH3 groups with the closest ligands
(O and N atoms), while the interaction of m-xylene is with one
CH3 group and the closest ligand (N atoms); however, it does
not compete with the interactions of the other two isomers, that
is, the distances between the isomers and neighboring ligands
are shorter for o-xylene and p-xylene than for m-xylene. This is
clearly visible with the study of the RDFs, which are visible in the
ESI (see Figures S11 and S10). An extract of that information is
shown in Figure 6d,e. o-Xylene interacts mainly via the CH3
groups with the oxygen atoms of the carboxylate groups in the
structure. o- and p-xylenes compete in the interaction with the
nitrogen atoms of the structure, mainly those related to the
heterocycle with two nitrogen atoms (N4 and N5 atoms, see
Figure S11 for more details).
To validate the model and force field parameters used in the

molecular simulations, we carried out experimental separations
using columns packed with TAMOF-1. Figure 7 shows the BCs
for an equimolecular gas mixture of xylene isomers (o-→ m-→
p-xylene) at atmospheric pressure and T = 393 K through a bed
of TAMOF-1. Typical S-shaped BCs were found with the
elution order of m- > p- > o-xylene. The corresponding
adsorption capacity values are 0.011, 0.016, and 0.017 mmol
g−1, respectively. The selectivity for o-xylene exhibits relatively
good resolution with the other two isomers, with So‑/m‑ = 1.54
and So‑/p‑ = 1.06, compared with the best resolutions reported
for this mixture for other adsorbents, for example, So‑/p‑ = 6.7 and
So‑/m‑ = 10.0, and an equal elution sequence forMAF-657 or So‑/p‑
= 6.33 but no resolution for o-/m-xylenes for HKUST-158 or
So‑/m‑ = 1.84 but no resolution for o-/p-xylenes for MIL-101(Cr)

Figure 5. Heat of adsorption per molecule of o-xylene (red), m-xylene
(green), and p-xylene (blue) in TAMOF-1 at 393 K.
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and So‑/p‑ = 3 and no resolution o-/m-xylenes for MIL-
53(Al).59,60 The most general commercial nonpolar capillary
column, HP-5MS, does not exhibit separation at all.57 The fact
that p-xylene elutes after m-xylene runs counter to most of the
column processesfor example, UIO-66 and HKUST-1. This
mechanism was detailed by He et al.57 for MAF-6, and it is

possibly related to the fact that TAMOF-1 as well as MAF-6 or
MIL-47 interacts more strongly with the less polar isomer, p-
xylene.

Separation of Hexane Isomers.We evaluated the capacity
of TAMOF-1 to separate linear, monobranched, and dibranched
isomers of hexane isomers. We performed μVTMC simulations
to obtain the single adsorption isotherms of all the isomers at
433 K. Multi-component adsorption isotherms were obtained
from IAST at the same temperature. The separation results for
an equimolar mixture of monobranched isomers and dibranched
isomers can be found in the Supporting Information (Figures S4
and S5) and indicate separation between isomers with the same
degree of branching. Figure 8 shows the single and multi-
component adsorption isotherms and the adsorption selectivity
of all the mixtures including (a) linear−monobranched and (b)
linear−dibranched isomers. We found that there is a preference
for the linear alkane and only for 3-methylpentane, this trend is
not present. Figure 9 shows the single and multi-component
adsorption isotherms and the adsorption selectivity of all the
mixtures including monobranched−dibranched isomers. For all
the equimolar mixtures, the monobranched isomer is preferred
over the dibranched. The onset pressure is very similar for all
isomers, and this is related to the similar values of heat of
adsorption obtained for all isomers at infinite dilution (−57.36
kJ/mol for n-hexane, −56.92 kJ/mol for 2-methylpentane,
−56.70 kJ/mol for 3-methylpentane, −53.93 kJ/mol for 2,2-
dimethylpentane, and−56.90 kJ/mol for 2,3-dimethylpentane).

Figure 6. (Top) Snapshot of the binding geometry of (a) o-xylene, (b)m-xylene, and (c) p-xylene in TAMOF-1. The most significant interactions are
highlighted in each snapshot. (Bottom) RDFs between the CH3 functional groups of xylene and (d) O atoms of the carboxylate group of the structure
and (e) N atoms of the heterocycle with two nitrogen atoms. The code color is red, green, and blue for o-, m-, and p-xylene, respectively.

Figure 7. Experimental BCs for an equimolar gas mixture of xylene
isomers: m- (green), p- (blue), and o-xylene (red) through a TAMOF-1
bed (0.7 g) at a total flow rate of 30 NmL min−1, 1.2 bar, and 393 K.
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Therefore, under these conditions, the interaction with the
structure is practically the same in all cases.
To better understand the separation of hexane isomers in

TAMOF-1, we now focus on the behavior of each isomer. As
shown Figure 8, the linear isomer (n-hexane) is preferred over
the monobranched and dibranched isomers. Moreover, the
selectivity in favor of n-hexane in mixtures containing
dibranched isomers is higher than that in mixtures containing
monobranched isomers. This is related to the preferential
adsorption sites for linear and dibranched isomers (see Figure

S6). The molecules of n-hexane do not exhibit clear preferential
adsorption sites (channels and “pockets”), while the dibranched
isomers are mainly located in the “pockets”. Linear and
monobranched isomers compete for the same adsorption sites,
so the separation efficiency is lower than that for dibranched
isomers. This behavior is different for 2-methylpentane and 3-
methylpentane. It seems that although the adsorption sites are
the same, there is a higher occupation of n-hexane than that for
2-methylpentane, so n-hexane is preferred during adsorption. In
the case of the n-hexane/3-methylpentane mixture, although the

Figure 8. Single adsorption, equimolar mixture isotherms, and adsorption selectivity (C1/C2, in the same order) of (a) n-hexane-monobranched
isomers and (b) n-hexane-dibranched isomers in TAMOF-1 at 433 K. Lines and symbols are related to the calculated and IAST-predicted isotherms,
respectively.
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adsorption site is the same for both, there is a higher interaction
between 3-methylpentane and the framework, and this isomer is
preferred at the end (although the similar behavior causes a
small separation in this case) (see Figure S7). The same behavior
can be found in the study of the interactions between adsorbents
and adsorbates in the RDF (see Figure S12). Note that the most
representative interactions have been selected. As can be seen,
the interactions between the CH3 groups of linear and
monobranched isomers are similar, considering N2 and N3

atoms of the framework (see Figure S11 for the labeling). It
agrees with the fact that linear and monobranched isomers
compete for the same adsorption sites. In the case of dibranched
isomers, differences are observed in all cases. For N4 atoms, a

higher interaction with the linear isomers is present in the RDF,
showing the preferential selectivity toward n-hexane.
Considering the observations commented above, comparing

monobranched and dibranched isomers, we expected selectivity
toward the monobranched isomers. Figure 9 shows that
monobranched isomers are preferred over dibranched isomers
and this agrees with the separation of linear−dibranched
isomers. This is because the occupation profile is very similar
for linear and monobranched isomers (see Figure S6). We also
found some differences on adsorption between the two
monobranched isomers and the two dibranched isomers. For
monobranched isomers (Figure S4), there is a preference
toward 3-methylpentane and the explanation is the same as for

Figure 9. Single adsorption, equimolar mixture isotherms, and adsorption selectivity of monobranched−dibranched isomers in TAMOF-1 at 433 K.
Lines and symbols are related to the calculated and IAST predicted isotherms, respectively.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c05223
ACS Appl. Mater. Interfaces 2022, 14, 30772−30785

30779

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05223/suppl_file/am2c05223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05223/suppl_file/am2c05223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05223/suppl_file/am2c05223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05223/suppl_file/am2c05223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c05223/suppl_file/am2c05223_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05223?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05223?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05223?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05223?fig=fig9&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


linear−monobranched mixtures. For dibranched isomers
(Figure S5), although the two of them have the same adsorption
sites, the interaction of 2,3-dimethylbutane is stronger than that
of 2,2-dimethylbutane (see Figure S7), so the separation is in
favor of 2,3-dimethylbutane.
To identify the breakthrough performance for all available

hexane isomers, we investigated different binarymixtures. Figure
10 shows the BC curves for the different mixtures in analogous
conditions: ambient pressure and 293 K. TAMOF-1 successfully
separates these mixtures according exclusively to the degree of
branching. Thus, the order of diffusion is dibranched isomers >
monobranched isomers > linear hexane. Interestingly, the two
dibranched isomers show identical behavior through TAMOF-1
in the gas phase, and the twomonobranched isomers also exhibit
very similar behavior. The adsorption capacity values are (in
mmol g−1) qn‑hexane = 0.067, q3‑methylpentane = 0.046, q2‑methylpentane =
0.034, and q2,2‑dimethylbutane = q2,3‑dimethylbutane = 0.026. In terms of
selectivity, the linear hexane is separated in all cases with
excellent performance values: Shexane/2,2‑dimethylbutane = 2.58,
Shexane/2,3‑dimethylbutane = 2.58, Shexane/2‑dimethylpentane = 1.97, and
Shexane/3‑dimethylpentane = 1.46. Therefore, TAMOF-1 is able to
separate hexane isomers showing the following trend in

adsorption strength: linear > monobranched > dibranched.
This trend is related to the kinetic radius of the isomers:
dibranched (ca. 6.2−5.8 Å of kinetic radius), monobranched
(ca. 5.0 Å), and linear isomers (ca. 4.3 Å). In the literature, the
performance of other porous materials such as MOFs or zeolites
has been tested, obtaining different behaviors. On the one hand,
zeolite LTA-5A can separate linear and branched isomers, but it
is not able to distinguish between monobranched and
dibranched isomers. Zeolite beta can separate all the isomers
but only partially. On the other hand, MOFs or derivatives that
totally separate linear and branched isomers cannot do it taking
into account the degree of branching (ZIF-8). MIL-53(Fe) and
MAF-6 exhibit the inverse behavior in adsorption strength:37

dibranched > monobranched > linear molecules. These results
show the versatility for the separation of TAMOF-1 in a wide
variety of mixtures.

Separation of Benzene/Cyclohexane. To study ben-
zene−cyclohexane separation, we calculated the single adsorp-
tion isotherms of benzene and cyclohexane at room temperature
(298 K) using Monte Carlo simulations in the grand-canonical
ensemble. The multi-component adsorption isotherms were
obtained using IAST at the same temperature. Note that the

Figure 10. Experimental BCs for a binary gas mixture of n-hexane/2,3-dimethylbutane (0.03%/0.04%, v/v) (top-lef t) and 2,3-dimethylbutane/3-
methylpentane (0.04%/0.04%, v/v) (top-right) through TAMOF-1 (0.7 g) at a total flow rate of 30 NmLmin−1, 293 K, and 1.2 bar. Experimental BCs
for a binary gas mixture of n-hexane/2,2-dimethylbutane (0.03%/0.06%, v/v) (bottom-lef t) and 2,2-dimethylbutane/2-methypentane (0.06%/0.04%,
v/v) (bottom-middle) through a bed of TAMOF-1 (0.7 g, left; 1.4 g, right) at a total flow rate of 30 NmLmin−1, 293 K, and 1.2 bar. Notice that only in
the last case, the amount of MOF was doubled to 1.4 g. Experimental BCs of TAMOF-1 for a binary gas mixture of 2,3-dimethylbutane/2,2-
dimethylbutane (0.04%/0.06%, v/v) at a total flow rate of 30 NmL min−1, 293 K, and 1.2 bar (bottom-right).
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total loading of cyclohexane is the sum of both chair and tboat
conformers. The two conformers are equimolar in the reservoir
so that the adsorption is based on the affinity or the stability of
each of them.
The analysis of the single adsorption isotherms (Figure 11)

shows that the onset pressure is very similar for both molecules,
as expected from the similar values of the heat of adsorption
(−42.25 kJ/mol for benzene and−48.54 and−48.47 kJ/mol for
chair and tboat conformers, respectively). These values evidence
similar interactions between the framework and the adsorbates
(benzene and cyclohexane) at infinite dilution.
The adsorption isotherms for the equimolar mixture and the

adsorption selectivity (Sbc, blue line) show the final exclusion of
cyclohexane in favor of benzene and a clear trend toward the
latter (Figure 11). The average occupation profile at saturation
pressure clarifies this fact. As shown in Figure 12, benzene is
located inside the framework near the metallic centers, the side
pocket. Moreover, there is interaction between the molecules of
benzene (Figure S8). In the case of cyclohexane, the interaction
with the metallic centers does not affect, so all the molecules are
located along the channel and the interaction between them is
not strong. The represented profile (Figure 12b) corresponds to
the chair conformation, which is the most stable conformer, but
we found the same results for tboat (Figure 12c).
Figure 13 shows the experimental BCs for a mixture of n-

hexane, cyclohexane, and benzene through a TAMOF-1 bed. All
three compounds are well resolved, with diffusivity in the order
of n-hexane > cyclohexane > benzene. The adsorption capacities
in the corresponding experimental conditions are (in mmol g−1)
qn‑hexane = 0.046, qcyclohexane = 0.057, and qbenzene = 0.085, with
excellent selectivities of Sbenzene/n‑hexane = 1.85 and
Sbenzene/cyclohexane = 1.50. In TAMOF-1, the elution sequence, n-
hexane > cyclohexane, is opposite to that for UIO-66,

Cu3(BTC)2, MIL-47, and MIL-53(Al),61 but the retention
times are similar, as well as the resolutions.
Therefore, with this mixture, we reverse the tendency of

TAMOF-1 to interact more strongly with the more difficult to
polarize, as was the case with the xylene isomers. While at low
pressures this tendency is confirmed (where cyclohexane
interacts strongly with the main channel, as confirmed with
the heat of adsorption and with the RDF calculation in Figure
S13), as we increase the pressure, benzene starts to enter in the
pocket. Thus, we confirm that the main channel is hydrophobic,
and the pocket is hydrophilic.

Figure 11. (a) Single-compound adsorption isotherms of benzene (purple line) and cyclohexane (yellow line), (b) equimolar mixture isotherms, and
(c) adsorption selectivity Sbc in TAMOF-1 at 298 K. Lines and symbols are related to the simulated and IAST predicted isotherms, respectively.

Figure 12. Average occupation profile of (a) benzene, (b) cyclohexane chair, and (c) cyclohexane tboat at saturation loading.

Figure 13. Experimental BCs for a gas mixture of n-hexane/
cyclohexane/benzene (0.026%/0.016%/0.016%, v/v/v) through a
TAMOF-1 bed (0.7 g) at a total flow rate of 30 NmL min−1, 298 K,
and 1.2 bar.
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TAMOF-1 Regeneration and Reusability. The regener-
ation and reusability of the stationary phase after column
saturation is another important aspect affecting the efficiency of
an adsorption/desorption process. A complete, fast, and low-
power consumption cleaning step is essential for minimizing
operating costs. To evaluate the desorption dynamics for
TAMOF-1, we monitored the regeneration step after each
breakthrough experiment while passing through the TAMOF-1
bed the pure career gas at the same temperature. Figure 14 (lef t
and right) shows the desorption steps following the respective
adsorption steps shown in Figures 7 and 13, respectively. N2

sweep gas was fed through the saturated bed at a total flow rate of
100 NmL min−1, 393 K of temperature, and 1.2 bar of pressure.
The reusability of TAMOF-1 (Figure 15) was confirmed

comparing the BCs after several separation/regeneration steps.
The concentration profile perfectly indicated no degradation of
TAMOF-1 after successive adsorption/desorption cycles and
complete performance recovering under the studied operation
conditions. Finally, after performing all the measurements for
this work, TAMOF-1 was removed from the fixed-bed column
to verify its chemical stability. The comparison of powder X-ray
diffraction data between the fresh and used TAMOF-1 (see
Figure S9) shows high chemical stability and robustness. It is
worth mentioning that all experiments in this article with a 0.7 g

bed were obtained with the very same sample, without any
further treatment in between experiments that described the
desorption step passing through nitrogen gas at the working
temperature.

■ CONCLUSIONS

We evaluated the separation performance of the chiral TAMOF-
1 for several mixtures of organic compounds. We found that
although the chirality of the structure assists the separation of
chiral molecules, the characteristic shape and size of its channels
as well as the presence of a hydrophobic main channel and small
hydrophilic pockets (close to the open metal site) make
TAMOF-1 a good candidate for separating a wide variety of
achiral molecules as well. In particular, TAMOF-1 can separate
xylene isomers, benzene from cyclohexane, and hexane isomers.
The separation of the cyclic and aromatic molecules is based on
the type of isomer or interaction with the metallic center
(benzene−cyclohexane). The separation of xylene isomers is
related to the interaction between the CH3 groups of the
molecules and the ligands of the framework, while benzene−
cyclohexane separation is related to the stronger interaction of
the aromatic ring of the molecules of benzene. Moreover,
TAMOF-1 can separate the linear and branched isotherms of
hexane in a similar way toMFI zeolite. Since it has been reported

Figure 14.Desorption curves to regenerate the TAMOF-1 bed after the breakthrough experiments of an equimolar gas mixture of xylene isomers (lef t)
and a gas mixture of n-hexane/cyclohexane/benzene (right) at a total N2 flow rate of 100 NmL min−1, 393 K, and 1.2 bar.

Figure 15. Reproducibility test of BCs of an equimolar gas mixture of xylene isomers (lef t) and a binary gas mixture of n-hexane/2,3-dimethylbutane
(0.03%/0.04%, v/v) (right). Experiments from Figures 7 and 7, respectively.
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that the crystallization method is useful to separate o-xylene,62 in
a ternary mixture, with the combination of these two methods,
the total separation of xylene isomers is possible.
Breakthrough experiments also confirm the computational

results and show a great separation in the liquid and gas phases.
TAMOF-1, an MOF with high thermal and water stability, is an
excellent candidate for carrying out VOC separation and offers
the possibility of regenerating and reusing it.
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