Published on 26 October 2017. Downloaded by Universiteit van Amsterdam on 30/12/2017 06:23:22.

Dalton
Transactions

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Dalton Trans., 2017, 46,
16096

Highly selective adsorption of p-xylene over other
Cg aromatic hydrocarbons by Co-CUK-1: a com-
bined experimental and theoretical assessment+
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High quality crystalline Co-CUK-1 can be synthesized rapidly and efficiently by a microwave-assisted

method. The resulting microporous coordination material is a highly effective adsorbent for the separ-

ation of xylene isomers and ethylbenzene, as demonstrated here through sorption isotherm analysis,

Ideal Adsorbed Solution Theory (IAST) calculations, and grand canonical Monte Carlo (GCMC) simulations.

Co-CUK-1 showed high sorption capacity and high adsorption selectivity for p-xylene over the corres-
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1. Introduction

para-Xylene is a valuable petrochemical feedstock employed in
the production of polyethylene terephthalate (PET), which is
one of the largest volume polymers in the world. In a com-
monly used separation scheme employed in the petrochemical
industry, a xylene-rich stream fed from the bottom of a refor-
mer splitter is routed into a xylene splitter. Heavier aromatics
(Co4) are removed from the bottom of the column. The over-
head stream from the xylene splitter, typically containing 19%
ethylbenzene, 44% m-xylene, 20% o-xylene, and 17% p-xylene,
needs to be separated to allow for recovery of pure p-xylene.
Currently, this mixture is separated in a Simulated Moving Bed
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ponding m- and o-isomers, and ethylbenzenes. According to the data obtained from IAST and GCMC
simulations, the Co-CUK-1 is found to strongly favour p-xylene adsorption because p-xylene molecules
undergo well-defined molecular packing in the 1-D channels; by comparison, the packing efficiencies of
o-xylene, m-xylene and ethylbenzene are significantly lower, as is evidenced by lower saturation capacities.

(SMB) separation unit, using zeolitic adsorbents such as BaX
zeolite as the stationary phase, which selectively adsorbs
p-xylene. The industrial separation of xylene isomers is con-
ducted on bulk liquid phase mixtures; under such conditions
the pores of BaX are saturated with guest molecules." There is
a clear economic incentive for the replacement of zeolites with
designer metal-organic framework (MOF) materials, if these
can be synthesized with pore architectures that significantly
improve the separation performance. If such a MOF is identi-
fied, this could lead to an opportunity to develop a more
energy-efficient separation protocol for the large-scale pro-
duction of high purity p-xylene.

Porous MOFs are currently of great interest and importance
due to their unique sorption properties, which result from
inherently high surface areas, controllable pore volumes, and
well-ordered pore structures. MOFs also offer the ability to
incorporate a broad range of chemical functionalities® and the
inclusion of a number of different metal elements into their
crystalline frameworks.” Such properties provide the potential
for real applications in the separation of gaseous and/or liquid
mixtures.” The selective adsorption of p-xylene from Cg aro-
matic hydrocarbon mixtures is one such feasible application.*
A viable candidate for this separation application is the pre-
viously reported Co-CUK-1, which is comprised of cobalt(u)
cations and the dianion of dicarboxylic acid [Cos(2,4-pdc),(p5-
OH),]-9H,0 (2,4-pdc = pyridine-2,4-dicarboxylic acid dianion).
The cheap and commercially available components used to
prepare Co-CUK-1 are amenable to scaled-up synthesis. This

This journal is © The Royal Society of Chemistry 2017
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unusually stable material incorporates infinite, corrugated 1-D
diamond-shaped channels that traverse the structure. The
channels are filled with labile guest H,O molecules of crystalli-
zation in its as-synthesized form, but the material is easily de-
hydrated by heating to 100 °C and/or by treatment in vacuum.
The dehydrated phase retains complete crystallinity, as demon-
strated from the single-crystal structure of the desolvated
material, which was obtained from a diffraction experiment
conducted at 375 K and 1 atm (Fig. 1).?

Recently, it was reported that a Mg(u)-based isostructural
analog, Mg-CUK-1, could be prepared using a microwave-
assisted method. Mg-CUK-1 has the unusual ability to selec-
tively adsorb p-isomers of xylene and DVB from complex mix-
tures of isomers; the packing of p-xylene molecules was
resolved by single-crystal X-ray diffraction of the loaded
material.® Single-crystal structural elucidation of guest-loaded
MOFs is very rare. This information is equally highly valuable,
since the results obtained from theoretical models commonly
used to predict guest packing orientations may be directly
tested against the actual packing orientations observed by
X-ray diffraction analysis.

Similar sorption experiments performed using hydrother-
mally prepared Co-CUK-1 and microwave-synthesized Co-
CUK-1 using only H,O as the solvent are reported here for the
first time. Aqueous, microwave-assisted synthesis of functional
inorganic materials is highly appealing for scale-up purposes
because products can be obtained in minutes rather than
hours, and reactions can be conducted under continuous-flow
conditions. Somewhat unexpectedly, we show that hydro-
thermally prepared Co-CUK-1 showed inferior vapour-sorption
properties for p-xylene at room temperature compared to
microwave-prepared material.

We have optimized the microwave-assisted synthesis
method for Co-CUK-1, in which a simple purification route

Fig. 1 The extended structure of desolvated Co-CUK-1 obtained by
heating a single crystal to 375 K to remove solvent H,O. The image
shows the space-filling model and guest-accessible voids when viewed
perpendicular to the direction of propagation of infinite 1-dimensional
channels.®
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provides high quality crystalline solid that is effective in the
selective adsorption of Cg aromatic hydrocarbons. We present
experimental data supported by molecular simulations,
which demonstrate how Co-CUK-1 obtained from the micro-
wave synthesis route has the desired capability for selective
p-xylene adsorption. We also demonstrate that Co-CUK-1
has significant advantages over the industrially employed
BaX zeolite, both in terms of adsorption selectivity and
capacity.

2. Experimental section
2.1 Synthesis of Co-CUK-1

Microwave synthesis of Co-CUK-1 (Co-CUK-1(MW)) was carried
out using a MARS microwave oven (CEM Corp.). 2,4-
Pyridinedicarboxylic acid (1110 mg, 1.0 mmol) and KOH (1.0
M) in H,O (18.0 cm®) were added to a stirred solution of CoCl,
hexahydrate (2142 mg, 1.5 mmol) in H,O (18.0 cm®) at room
temperature to give a viscous, olive-coloured slurry. The slurry
was then heated to 473 K for 30 min in the microwave oven
inside a 100 cm® Teflon-lined Easy-Prep reaction vessel. The
reaction temperature was monitored using a fibre-optic sensor.
After cooling (30 min), the crystalline solid was purified by
brief (3 x 20 s) cycles of sonication in fresh H,0 (100 cm?), fol-
lowed by decanting of the cloudy supernatant. Large, pink pris-
matic crystals were isolated (average yield, 1320 mg). For com-
parison, hydrothermal synthesis of Co-CUK-1 (Co-CUK-1(HT))
was carried out using a recipe already reported elsewhere.” For
further purification, the sample was treated with DMF or
ethanol under stirring at 343 K for 5 h.

2.2 Characterization of Co-CUK-1

Powder X-ray diffraction patterns of Co-CUK-1 were obtained
by Rigaku diffractometer (D/MAX IIIB, 2 kW) using Ni-filtered
CuKo-radiation (40 kV, 30 mA, 1 = 1.5406 A) and a graphite
crystal monochromator. The particle morphology and crystal
size were analyzed by a scanning electron microscope (SEM,
Pilips, XL30S FEG). The BET surface area measurements were
performed with N, adsorption-desorption isotherms at liquid
nitrogen temperature (77 K) after dehydration under vacuum
at 673 K for 12 h using a Micromeritics Tristar 3020. The
specific surface areas were evaluated using the Brunauer—
Emmett-Teller (BET) method, and pore volume was measured
by a single point method at p/p, = 0.99. Thermogravimetric
(TG) analysis was carried out in a thermogravimetric
analyzer (DT Q600, TA Instruments, Universal V4.5A). Analysis
was performed in a dry nitrogen flow of 100 cm® min~". The
temperature was increased from 298 to 973 K at a heating rate
of 5 K min~". Before TG measurement, the sample was
hydrated in a chamber with 70% relative humidity at 303 K for
1 day.

2.3 Sorption experiments and IAST calculations

Vapour-phase sorption experiments with xylene isomers and
ethylbenzene were carried out at 323 K using an Intelligent
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Gravimetric Analyzer (IGA, Hiden Analytical Ltd) over Co-
CUK-1(MW). The sample (ca. 35 mg) was placed in a stainless
steel sample bucket of fine mesh and was outgassed to con-
stant weight, at a pressure of <10~° Torr at 575 K. The liquids
used to generate the vapour were degassed fully by repeated
evacuation and vapour equilibration cycles of the liquid supply
side of the vapour reservoir. The vapour sorption isotherms
collected using each pure isomer in the range p/p, = 0-1 at
323 K. The Ideal Adsorbed Solution Theory (IAST) of Myers
and Prausnitz” was used to determine the adsorption
equilibrium for 4-component gas-phase equimolar p-xylene/
m-xylene/o-xylene/ethylbenzene mixtures. The production of
p-xylene involves the separation of 4-component equimolar
o-xylene(1)/m-xylene(2)/p-xylene(3)/ethylbenzene(4) mixtures."
Using the combined selectivity/capacity metric suggested by
Krishna,® we calculate the volumetric separation potential for
preferential adsorption of p-xylene, and rejection of o-xylene,
m-xylene, and ethylbenzene as follows:

Yox + Ymx + VEthBz
1 — Yox — Ymx — VEthBz
— (Qox + Qpix + QEwhsz)

AQ(0X+mX+EthBZ)/pX - (QpX)

In this equation, the volumetric loadings of each of the
four aromatics, Q;, expressed in mol L™ of crystalline adsor-
bent, are obtained by multiplying the molar loadings, g;, by
the framework density.

2.4 Molecular simulation

The intermolecular interaction and orientation of each Cg aro-
matic compound within Co-CUK-1(MW) was elucidated by
grand canonical Monte Carlo (GCMC) simulations. Following
the general settings used in previous studies,”™' the
DREIDING™ and the UFF"® force fields were used for frame-
work structure (organic and metal parts respectively), and the
OPLS-AA' force field was used for adsorbate molecules.
Partial charges of the framework were determined using the
density-derived electrostatic and chemical (DDEC) charge
method,"® which performs atomic population analysis to deter-
mine net atomic charges based on total electron density from
first-principle calculation. We used Vienna Ab initio Simulation
Package (VASP)'® to calculate the total electron density of the
3-D periodic framework on conditions that Perdew-Burke-
Ernzerhof (PBE)" exchange-correlation functional, projector-
augmented wave (PAW) method with a plane wave up to an
energy cutoff value of 500 eV, and 2 x 2 x 3 Monkhorst-Pack
for sampling the reciprocal space. GCMC simulations were
performed for 5 x 10’ steps for each aromatic compound
under 303 K and 25 kPa by using a 2 x 2 x 2 superstructure of
the Co-CUK-1 unit-cell. The first 4 x 10 GCMC steps were
used to equilibrate the system, resulting in the saturated state
of adsorbate molecules in the 1D pores (see Fig. S1f). The
subsequent 1 x 10’ GCMC steps were used to analyze the
average interaction energy between the adsorbates and the
framework.
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3. Results and discussion
3.1 Microwave synthesis

Co-CUK-1 was prepared using an alternative synthetic method
compared to the originally reported solvothermal route.” As
illustrated in Fig. S2,t the synthesis of Co-CUK-1 was per-
formed in basic aqueous solution containing KOH. When the
Co(u) and 2,4-pdc ligand precursor solutions were mixed, the
solution pH changed from 12.8 to 8.0, and the solution
changed from light pink in colour to an opaque olive slurry
after approximately 20 min. When the stirred solution was
allowed to rest, the slurry separated into two layers. The top
layer comprised a brownish pink solution, while the bottom
layer contained dark cyan precipitates. As shown in Fig. 2, the
type of heating method employed had a significant impact on
the crystallization of Co-CUK-1. Heating by microwave
irradiation (MW) provided clear advantages over convection
heating, resulting in significantly higher product yields, as
well as faster crystallization. Under MW heating, crystalline
Co-CUK-1(MW) was formed in 5 min, at 78% yield. In contrast,
crystallization of Co-CUK-1 under convection (HT) heating
required at least 10 h and resulted in lower yields (61%). The
morphology of crystallites was also more uniform for Co-
CUK-1(MW) samples compared to Co-CUK-1(HT) samples
(Fig. S37). The faster crystallization and higher product yields
observed from microwave-assisted synthesis may be ascribed
to the faster dissolution of the precursor slurry by the selective
absorption of microwaves by the polar ionic reaction
mixture.'®*?

In addition to the beneficial effects of MW heating on
product purity, the microwave irradiation also positively
impacted the bulk crystallinity of the Co-CUK-1 material
obtained. According to our previous report,”° after degassing
at 573 K, Co-CUK-1(HT) exhibited no uptake of N, at 77 K but
showed a large uptake of CO, (156 cm® g~ at 196 K and 760
Torr (101 kPa)). The original report gave a surface area of
630 m> g~ (micropore volume, 0.26 cm® g~"), which was esti-
mated by fitting the BET equation to the resulting CO, adsorp-
tion isotherm.*® Interestingly, we were able to obtain a type-I
N, adsorption isotherm for the new Co-CUK-1(MW) under
identical conditions (Fig. 3). The absolute N, capacity of Co-
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Time /hour 2-theta / degree

Fig. 2 (a) Crystallization yield profiles of Co-CUK-1 depending on crys-
tallization time and synthesis method (O hydrothermal heating; O micro-
wave irradiation) and (b) XRD patterns of as-synthesized Co-CUK-1 (HT:
hydrothermal heating; MW: microwave irradiation).
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Fig. 3 Adsorption (M), desorption (0), and re-adsorption (®) isotherms
of N, at 77 K in CUK-1(MW) degassed at 573 K under vacuum.

CUK-1(MW) (210 cm?® ¢™" at 77 K and 101 kPa) was also notice-
ably higher than that (68 cm® g™') for Mg-CUK-1 obtained by a
similar microwave method.® Fitting the BET equation to the N,
isotherm gave an estimated surface area of 730 m”> g~* (micro-
pore volume, 0.28 cm® ¢7"), which is about 10% higher than
the value of the Co-CUK-1(HT) using the CO, isotherm.

Another important feature of the N, sorption isotherm for
Co-CUK-1(MW) is that the sorption of N, within the CUK-1
framework revealed an irreversible type-I isotherm with a
marked hysteresis (Fig. 3). Virtually no N, desorption was
observed even when the pressure was reduced to 1 Torr. Re-
adsorption of N, resulted in a low uptake (below 30 cm® g™* at
760 Torr). This behaviour is similar to what was previously
observed for oxygen sorption in Co-CUK-1(HT). It is a strong
indication that the interaction between N, or O, and the
internal pore structure was moderately strong at low tempera-
ture (77 K). To further check the effect of impurities in the 1-D
channels of Co-CUK-1(HT), we collected N, adsorption iso-
therms of the conventionally prepared sample after different
solvents had been used to potentially remove trapped sub-
strates within the pores. Indeed, the N, adsorption-desorption
isotherm obtained after immersion in dimethylformamide
(DMF) and subsequent re-immersion in ethanol showed a
similar uptake to that of Co-CUK-1MW) (Fig. S4%).
Comparision of the thermogravimetric analysis (TGA) profiles
of the untreated and solvent-cleaned samples showed a very
slight difference in weight loss (0.5%) below 673 K, which is
indicative of the presence of a small quantity of residual impu-
rities in the pores of Co-CUK-1(HT) (Fig. S5). At present, it is
not clear why the N, sorption uptakes at 77 K were greatly
different depending on the preparation method and purifi-
cation conditions, given only small differences in the TGA
results. Further investigations to clarify these minor discrepan-
cies will follow. Considering the physicochemical properties of
Co-CUK-1, it is evident that the microwave method provides
superior Co-CUK-1 samples with negligible pore-based impuri-
ties. Samples of Co-CUK-1(MW) were therefore suitable for
testing as potentially selective adsorbents for the separation of
xylenes and ethylbenzene.

This journal is © The Royal Society of Chemistry 2017
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3.2 Selective adsorption of p-xylene

Single-component equilibrium adsorption isotherms of xylene
isomers and ethylbenzene in activated Co-CUK-1(MW) at 323 K
(activated in vaccuo at 573 K for 6 h) are compared in Fig. 4.
The measured pure component isotherm data for each aro-
matic molecule was fitted to the single-site Langmuir-
Freundlich model (see ESIT). The fitted parameter values for
xylene isomers and ethylbenzene are provided in Table S6.f
The isotherm fits are in excellent agreement with observed
data for all molecules, over the entire pressure range. The sat-
uration capacities were determined as follows: p-xylene(3),
G3,5at = 2.53; m-xylene(2), g5 sac = 1.33; o-xylene(3), g3 sac = 1.25;
ethylbenzene(4), g4, = 1.73 mol kg™". It is particularly note-
worthy that the saturation capacity of p-xylene was found to be
significantly higher than that of other aromatic molecules; this
is a direct reflection of the more efficient stacking of p-xylene
molecules within the channels of Co-CUK-1. The higher satur-
ation capacity of p-xylene is due to well shape-matched guest-
guest stacking within the one-dimensional channels; this is
apparent in the computational snapshots obtained from mole-
cular simulations, and is also in close agreement with the
actual packing structure obtained by single crystal X-ray
diffraction of p-xylene-loaded Mg-CUK-1.°

We then used the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz’ to determine the adsorption equilibrium
for an equimolar 4-component gas mixture consisting of
p-xylene(1), m-xylene(2), o-xylene(3), and ethylbenzene(4)
(Fig. 5a). With increasing total gas pressure, the p-xylene
loading increased at the expense of the other component mole-
cules. It is notable that at a total pressure of 100 kPa, the
adsorbed phase is significantly richer in p-xylene; as shown in
Fig. S8,T the adsorption selectivity value approaches a value of
about 50 as pore saturation is approached. The preferential
adsorption of p-xylene, at the expense of the other
C8 hydrocarbons is ascribable to entropy effects that manifest
at pore saturation conditions." Invoking the Boltzmann
equation S = kB In(W), it has been demonstrated that the com-

- N N N
o 3} <) 3
! ( L

Amount adsorbed / mol Kg™'
o
o

o
)

0 1000 2000 3000 4000
Pressure / Pa

Fig. 4 Comparison of experimental data for single-component
p-xylene (0), m-xylene (O), o-xylene (A) and ethylbenzene () isotherms
in Co-CUK-1(MW) with Langmuir—Freundlich fits (solid lines).
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Fig. 5 (a) IAST calculations of adsorption equilibrium for equimolar gas
phase 4-component p-xylene (O, black), m-xylene (O, red), o-xylene (A,
blue) and ethylbenzene (V, magenta) mixtures in Co-CUK-1(MW) at
303 K. (b) Transient breakthrough simulations for 4-component
p-xylene (O, black), m-xylene (O, red), o-xylene (A, blue) and ethyl-
benzene (V, magenta) mixtures in a packed bed of Co-CUK-1 operating
at 303 K and 100 kPa. The inlet gas phase had partial pressures of 25 kPa
for each component. Video animations showing the transient break-
throughs are available as ESI.T

ponent that packs most efficiently, i.e. p-xylene, is the one that
adsorbs most strongly at pore saturation.>’

As a next step, we compared the separation performance of
Co-CUK-1(MW) with BaX, along with that of three MOFs that
also exhibit high separation potential towards p-xylene:
MAF-X8,* DynaMOF-100,>*** and the isostructural material
Mg-CUK-1.° Adopting the methodology described in earlier
work, we assessed the performances of all MOFs at conditions
corresponding to pore saturation, i.e. 6, — 1. Fig. 6 shows a
plot of the separation potentials of each of these materials
against their maximum volumetric uptakes of p-xylene
from the 4-component mixture. A combination of high separ-
ation potential and high p-xylene capacity provides the
best separation capability in a SMB adsorber. According to
Fig. 6, the best separation performance was achieved by
DynaMOF-100. The next best performance was that of Co-
CUK-1(MW).

10
] DynaMOF-100 ¢
2 5. Co-CUK-1 @
G 4
<
3 %
=
S ® MAF-X8
2 ¢
[
2 BaX @ ® Mg-CUK-1
S 24
©
o
0 -
(7]
0 T T T T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0

p-xylene loading in mixture / molL”

Fig. 6 Plot of separation potential (AQ) vs. p-xylene uptake capacity at
0; ~ 1 for various materials. The plotted value for Co-CUK-1 is from this
work. The data for BaX, Mg-CUK-1, MAF-X8, and DynaMOF-100 are
taken from the evaluation studies of Krishna and co-workers.2®
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3.3 Transient breakthrough simulations

Using the pure component isotherm fits to the experimental
data, we carried out transient breakthrough simulations for
Co-CUK-1(MW) using the methodology described in earlier
works.>>?® Fig. 5b shows the results of transient breakthrough
simulations of a 4-component equimolar p-xylene(1)/m-xylene(2)/
o-xylene(3)/ethylbenzene(4) mixture with a step input, p; = 25 kPa
for each hydrocarbon; this particular choice of partial press-
ures, p;, ensures that the conditions correspond to pore satu-
ration (¢f. Fig. S71). This mixture composition was chosen to
enable comparisons with other MOFs reported in the pub-
lished literature.®>*>* The breakthrough sequence obtained is
o-xylene first, followed by m-xylene, ethylbenzene, and finally
p-xylene; this sequence is essentially a reflection of the hier-
archy of saturation capacities. Video animations showing the
transient breakthroughs are available as in the ESL{

3.4 GCMC simulations

To elucidate the intermolecular interaction and orientation of
each Cg aromatic compound within Co-CUK-1(MW), we also
performed grand canonical Monte Carlo (GCMC) simulations.
Fig. 7 shows the final snapshots of GCMC trajectories for
different Cg aromatic compounds, where the adsorbate mole-
cules were saturated within 1-D pores of the framework
(4 adsorbate molecules per Co-CUK-1 unit-cell). GCMC suggests
that p-xylene molecules developed a well-defined head-to-tail
molecular packing arrangement along the pore axis, while the
packing of pure o-xylene, m-xylene, or ethylbenzene adsorbates
were more frustrated; this is not surprising considering the
lower symmetry of the latter adsorbates that prevents simple
organization of these molecules into ordered 1-D stacks. The
average interaction energy per molecule provides further
insight into how Co-CUK-1(MW) offers a channel topology and
atomistic environment that is most suitable to p-xylene adsorp-
tion. As shown in Table S9,} the average interaction energy of
p-xylene is —22.13 kcal per mol per molecule, around 10%
larger than for the other adsorbates, which yielded interaction
energies in the range —20.58 to —20.63 kcal per mol per mole-
cule. Considering that the highly polarizable p;-OH groups are

Fig. 7 Snapshots showing the molecular configuration of Cg aromatic
hydrocarbons such as (a) o-xylene, (b) m-xylene, (c) p-xylene, and (d)
ethylbenzene within 6.8 A channels of Co-CUK-1.

This journal is © The Royal Society of Chemistry 2017
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accessible to guest molecules within the corrugated pore
channel (Fig. S107), two para-positioned methyl functional
groups are predicted to result in the most optimal molecular
geometry to enable electrostatic interactions toward two p;-OH
groups. This particular interaction is not achievable for o- and
m-substituted guest adsorbates. Overall, the formation of favor-
able electrostatic framework-to-adsorbate (host-guest) inter-
actions via the interplay of charge distribution, as well as the
matching of pore topology with the chemical topology of par-
ticular adsorbates, are undoubtedly important additive factors
that lead to the observed ability of CUK-1 materials to preferen-
tially adsorb p-xylene from mixtures of Cg aromatic compounds.

4. Conclusions

Microwave synthesis has been found to provide high-quality
crystalline samples of Co-CUK-1 that can be used as a sorbent
for the direct separation of p-xylene from crude mixtures of Cg
aromatic hydrocarbons. The sorption selectivity of Co-CUK-1
(MW) was shown to strongly favor p-xylene because adsorption
of this isomer resulted in a well-defined molecular packing
arrangement along the 1-D channel. In contrast, ordered
packing of o-xylene, m-xylene, or ethylbenzene was more
difficult to achieve as a result of poorer host-guest size and
shape matching. Importantly, Co-CUK-1(MW) has clear selecti-
vity and capacity advantages over BaX. The question of
whether CUK-1(MW) (or indeed, DynaMOF-100) has true com-
mercial potential will be answered through subsequent
process development work, including breakthrough experi-
ments, long term stability testing, and the demonstration of
product desorption using co-eluents such as toluene.
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Fitting of pure component isotherms in Co-CUK-1

The measured pure component isotherm data for each aromatic molecule was fitted with the single-

site Langmuir-Freundlich model:

\4

bp
1+bp”

9= (1)

The saturation capacities qs,t, Langmuir- constants b, and the Freundlich exponent v, are provided in
Table S5. It provides a comparison of the experimental isotherm data with the Langmuir-Freundlich fits.
The fits are excellent for all four guest molecules.

Let us define, qisat, @s the saturation capacity of species i. The saturation capacities are determined
to be:

p-xylene(1), g1 sat = 2.53 mol kg™’

m-xylene(2), q2.sat = 1.33 mol kg™’

o-xylene(3), @3 sat = 1.25 mol kg™

ethylbenzene(4), g4 sat = 1.73 mol kg™’

IAST calculations of mixture adsorption equilibrium in Co-CUK-1

We use the Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz' to determine the
adsorption equilibrium for equimolar gas phase 4-component equimolar p-xylene(1)/m-xylene(2)/o-
xylene(3)/ethylbenzene(4) mixtures; see Figure 4(a) With increasing total gas pressure, the p-xylene
loading increases at the expense of its partner molecules. We note that at a total pressure of 100 kPa,
the adsorbed phase is rich in p-xylene.

Let us define the fractional occupancy within the pores, 6,

6=y @
i=1 9 sar
where g; is the molar loading of species i in the mixture, and g s,tis the saturation capacity of species .
Figure S6 shows the calculations of the fractional occupancy, 0,, within the pores of Co-CUK-1 as a
function of the total gas phase pressure, p.. We note that the pores are saturated, i.e. 6, — 1, when the
total pressure p; reaches 100 kPa.
For separation of 4-component equimolar p-xylene(1)/m-xylene(2)/o-xylene(3) /ethylbenzene(4)
mixtures we adopt the following definition of selectivity that was used in the recent paper of Torres-

Knoop et al.?

_ @)@+ +a) _, @)
S (p3)/(p1+pz+p4) 3(%"'%"‘%) ©




Figure S7 shows that the S,q value as a function of the fractional pore occupancy, 8. We note
that the selectivity value approaches a value of about 50 as ¢, — 1. The selectivity is strongly in favor
of p-xylene because of molecular packing effects; this principle has been elucidated in detail in earlier
work.2 The strong, near-exponential increase in the selectivity in favor of p-xylene selectivity is a typical

characteristic of separations due to molecular packing or entropy effects.

Transient breakthrough simulations

The separation performance of a fixed-bed adsorber is dictated by both adsorption selectivity and
capacity. A higher capacity to adsorb p-xylene is a desirable characteristic of SMB adsorbers. Using
the pure component isotherm fits of experimental data, we carried out transient breakthrough
simulations for Co-CUK-1(MW) using the methodology described in in earlier works.*5

The breakthrough characteristics for any component are essentially dictated primarily by the

L L
characteristic contact time L_L£e between the crystallites and the surrounding fluid phase. It is
v u

common to use the dimensionless time, r:L—u, obtained by dividing the actual time, {, by the
&

L
characteristic time, e when plotting simulated breakthrough curves. For the breakthrough
u

simulations reported here we use the parameter values: L = 0.3 m; voidage of bed, € = 0.4; interstitial

gas velocity, v = 0.1 m/s; superficial gas velocity, u = 0.04 m/s.

Notation

b Langmuir-Freundlich constant, Pa™

G molar concentration of species i in gas mixture, mol m-3

Cio molar concentration of species i in gas mixture at inlet to adsorber, mol m-3
L length of packed bed adsorber, m

n number of components in the mixture, dimensionless

i partial pressure of species i/ in mixture, Pa

D total system pressure, Pa

qi component molar loading of species i, mol kg-*

q: total molar loading for mixture adsorption, mol kg-*

i sat molar loading of species i at saturation, mol kg

0; volumetric loading of species i at saturation, mol L™

A0, volumetric separation capacity of species i from a mixture, mol L™
Sads adsorption selectivity, dimensionless



i

0,

time, s

absolute temperature, K

superficial gas velocity in packed bed, m s-*
interstitial gas velocity in packed bed, m s

mole fraction of species i in a mixture of species, dimensionless

Greek letters

voidage of packed bed, dimensionless
fractional occupancy for mixture adsorption, dimensionless
exponent in dual-Langmuir-Freundlich isotherm, dimensionless

time, dimensionless

Subscripts

referring to component /

referring to total mixture



GCMC Loading

4.5
= 4.0 I T
()
i 35 L —— | I
.S
§ 30 Co-CUK-1 unit-cell
3 25 >
g —aethylbenzene
S 20
B —m-xylene
& 15
> —o-xylene
é 1.0

—p-xylene

2 05

0.0

OE+0 1E+7 2E+7 3E+7 4E+7 5E+7

GCMC step

Figure S1. GCMC loading trajectory for each adsorbate molecule in Co-CUK-1 unit-cell.



Solution A

KOH + H,0 + 2,4-Pyridine
dicarboxylic acid (2,4-pdcH,)

Solution B
COC12'6H20 + H20

Mixing of solution A and B for 20 min at 25°C Co:2,4-pdcH,:OH=3:2:6

(molar ratio)

Crystallization under
hydrothermal (>10 h) or
—> microwave (1-30 min)
condition at 473 K

!

Filtration, Washing,
and Drying

Figure S2. Stepwise pictures according to synthesis steps of Co-CUK-1.
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Figure S$3. SEM images of (a) Co-CUK-1(HT) and Co-CUK-1(MW).
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Figure S4. N, adsorption isotherms of Co-CUK-1(HT) at 77 K depending on purification with solvents.
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Figure S5. Thermogravimetric profiles of two Co-CUK-1 samples. An inset figure displays a larger
weight loss (0.5 wt%) in Co-CUK-1(MW) than that in Co-CUK-1(HT) below 673 K.
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Qsat b Vi

mol kg’ Pav dimensionless
p-xylene 2.53 574 x 102 0.54
ethylbenzene 1.73 5.71 x 10-3 1

Table S1. Langmuir-Freundlich parameters for Cg aromatic hydrocarbons at 323 K in Co-CUK-1(MW).
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Figure S6. Calculations of the fractional occupancy, 9, within the pores of Co-CUK-1(MW) at 323 K as

a function of the total gas phase pressure, p;.
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Figure S7. IAST calculations for p-xylene adsorption selectivity for 4-component p-xylene/m-xylene/o-
xylene/ethylbenzene mixture in Co-CUK-1(MW) at 323 K. The x-axis is fractional occupancy, &, within
the pores of the MOFs.
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Average Interaction Energy
Adsorbate (kcal/mol/molecule)
Total / Electrostatic / VAW

p-Xylene -22.13/-20.71/-1.42
m-Xylene -20.63/-19.37 /-1.26
o-Xylene -20.60/-19.70 / -0.91
ethylbenzene -20.58 /-19.51 /-1.07

Table S2. Average interaction energy between adsorbate and framework.
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Side + p-Xylene

(:} p—OH sites

+0.040

Electrostatic
Potential (Ha)

—0.003

Figure S8. (a) Electrostatic potential map due to the electron density of the Co-CUK-1 framework,
which shows highly polarized region due to y-OH functional groups and (b) Chemical topology of p-

xylene and its packing structure are suitable for developing adsorbate-framework interaction with highly
polarized region.
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