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Separation of Xe/Kr mixtures was studied in two copper-paddlewheel metal-organic framework materi-
als, MOF-505 and HKUST-1. For MOF-505, which has small pores with strong adsorption sites, high Xe/Kr
selectivities {9-10) are obtained from breakthrough measurements and grand canonical Monte Carlo
(GCMC) simulations. The consistent results from both techniques suggest that MOF-505 is a promising

candidate for Xe/Kr separation. For HKUST-1, which has small octahedral pores, only modest Xe/Kr selec-
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1. Introduction

Separation of xenon and krypton mixtures is industrially impor-
tant, since both gasses are rare in nature but have several industrial
uses including medical applications (e.g., imaging, anesthesia and
neuroprotection), commercial lighting (e.g., fluorescent signs, desk
stand and airport runway lights), and propellants in ion propulsion
engines [1]. Currently, an 80/20 molar mixture of krypton-xenon is
obtained as a by-product in cryogenic air separations and must un-
dergo further cryogenic distillation to produce pure streams of xe-
non and krypton [2]. However, cryogenic distillation is energy- and
capital-intensive [3].

Adsorptive separation, such as in pressure swing adsorption
(PSA), is often considered as an energy- and cost-effective alterna-
tive to distillation and is widely used in the separation and purifi-
cation of various gas mixtures. A key step in the design of PSA
processes is the choice of a highly selective adsorbent with a high
capacity [4]. Metal-organic frameworks (MOFs) have recently
shown promise as adsorbents for gas separation and purification
[5-11] due to their extremely high surface areas, tailorable pore
structures, adjustable chemical functionalities and structural sta-
bility [12-14]. Miiller et al. [6] published an experimental report
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tivities {4.5) are observed from breakthrough measurements, although the GCMC simulations predicted
unusually high selectivities at low loadings.

2012 Elsevier Inc. All rights reserved.

on the selective adsorption of Xe over Kr using two of the most
studied MOFs, IRMOF-1 and HKUST-1. Later, Greathouse et al.
[15] computationally demonstrated that IRMOF-1 selectively ad-
sorbs Xe atoms from Xe/Kr and Xe/Ar mixtures. Recently, Sikora
et al. [16] generated >137,000 hypothetical MOFs from a library
of chemical building blocks and screened them for Xe/Kr separa-
tion using a high-throughput computational method. They showed
that MOFs with tube-like pores just large enough for a Xenon atom
to pass through are ideal for Xe/Kr separation. Also, Gurdal and Ke-
skin [17] and Van Heest et al. [18] screened MOFs computationally
for performance in several binary noble gas separations. To date,
however, experimental studies on the separation of Xe/Kr mixtures
by MOFs are scarce, and only a small number of experimental re-
ports can be found [19-22]. Thallapally and co-workers reported
that Ni/DOBDC has a significantly higher Xe adsorption capacity
than MOF-5 and shows higher Xe/Kr selectivity than HKUST-1
and activated carbon [19,20]. They also demonstrated that a par-
tially fluorinated MOF shows an unusual selectivity for Kr over
Xe at temperatures below 273 K [21].

In this work, we performed a combined experimental and com-
putational study on two copper-paddlewheel MOFs, MOF-505 and
HKUST-1, as a follow-up to the previous computational study by
Ryan et al. [23]. The MOF structures are shown in Fig. 1. Ryan
et al, computationally screened eight existing MOFs for Xe[Kr sep-
aration at 273 K. Among the eight MOFs, Pd-MOF with small pores
was predicted to have the highest Xe/Kr selectivity (18-19) at 0.1-
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Fig. 1. Framework structures of MOF-505 (left) and HKUST-1 (right).

30 bar but showed significantly lower Xe and Kr uptake values
than the other MOFs. For HKUST-1, the predicted Xe/Kr selectivity
was high (17) at 0.1 bar but was modest (5-8) at 1-5 bar, which
are typical PSA pressures. Compared with HKUST-1, MOF-505
showed higher selectivity (9-11) and larger uptake values at the
typical PSA pressure range, which was ascribed to the smaller cav-
ity size of MOF-505. Based on their simulation results, Ryan et al.
suggested that MOF-505 is the best material among the eight MOFs
studied considering both Xe/Kr selectivity and Xe capacity. The
objective of the present study is to verify these computational pre-
dictions by performing packed-column breakthrough measure-
ments, as well as some additional molecular simulations.

2. Experiments

MOF-505 was synthesized using a slight modification of a pub-
lished procedure [24]. The obtained sample was activated at 393 K
under nitrogen flow for 12h then 473K for an additional 12 h.
HKUST-1 was synthesized using a slight modification of a pub-
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lished procedure [25]. The resulting sample was activated at
373 K under nitrogen flow for 6h then 423 K for an additional
12 h. The activated samples were pelletized using a manual pellet
press (Parr Instrument Company). The pellets were then carefully
crushed and sieved to obtain particles with diameters between
600 and 1000 pm. The pelletized samples showed similar but
slightly lower surface areas than the as-synthesized samples (see
the Supporting Information).

Powder X-ray diffraction (PXRD) patterns were recorded with a
Rigaku XDS 2000 diffractometer using nickel-filtered Cu K radia-
tion (/= 1.5418 A)overarangeof 5 <20 <35 . Thermogravimetric
analyses (TGA) were performed on a Mettler-Toledo TGA/
SDTA851e. Nitrogen isotherms at 77K were measured on a
Micromeritics TriStar 3020.

The breakthrough measurements of a 20:80 mixture of xenon
and krypton on MOF-505 and HKUST-1 were performed using a
slight modification of a published procedure [26]. Adsarbed
amounts of xenon and krypton were calculated by integrating
the resulting breakthrough curves.

The grand canonical Monte Carlo (GCMC) simulations were per-
formed to simulate the adsorption of a 20:80 mixture of xenon and
krypton on MOF-505 and HKUST-1 at 298 K using a published
method [23]. The details of the experimental and computational
methods are described in Supporting Information.

3. Results and discussion

Using GCMC simulations, Ryan et al. [23] identified MOF-505 as
a promising adsorbent due to its high Xe/Kr selectivity (9-11) over
the typical range of operating pressures for PSA (1-10 bar) and its
good capacity. We sought to verify if these computationally ob-
tained selectivities can be attained experimentally from dynamic
breakthrough measurements. Fig. 2a shows the resulting break-

Fig. 2. Breakthrough curves for 80:20 mixture of Kr and Xe in {a) MOF-505 pellets
and, (b} HKUST-1 pellets at room temperature. Each figure presents two break-
through runs: one without He carrier {total flow rate = 10 ml/min, total mixture
pressure =1 bar) and one with 10 mlfmin of He carrier {total flow rate = 20 ml/min,
total mixture pressure = 0.5 bar).

through curves for 20:80 mixtures of Xe and Kr in MOF-505 pellets
at total mixture pressures of 0.5 and 1 bar. A clear difference in
breakthrough time between Xe and Kr was observed. While pure
Kr elutes instantly from the column, Xe shows considerable reten-
tion. The Kr concentration at the column outlet slightly exceeds the
feed concentration because the more strongly adsorbed Xe mole-
cules displace the already adsorbed Kr molecules. As the column
is saturated with Xe and Kr, the outlet concentrations of both com-
ponents approach the feed concentrations. By comparing the
dashed and continuous lines in Fig. 2a, we can see that the break-
through time of Xe becomes shorter as the total mixture pressure
decreases. This is an expected result, because the adsorbed amount
decreases with decreasing pressure.

The adsorbed amounts of Xe and Kr at mixture conditions can
be calculated by integrating the areas above the breakthrough
curves. The adsorption selectivity of Xe over Kr (Sxer) can be cal-
culated from the standard definition, Sxepc = (Xxef/Xiw) (Vir/Vxe)-
Here, x and y are the mole fractions of the adsorbed and bulk
phases, respectively. Fig. 3 shows the resulting Xe and Kr uptake
values and Xe/Kr selectivities at twao different total mixture pres-
sures (0.5 and 1 bar) for a 20:80 mixture of Xe and Kr in MOF-
505. The obtained selectivities are high (9-10) and close to the
simulated selectivity at 273 K from Ryan et al. [23] although they
are measured at room temperature. To make a better comparison
with simulation, we performed GCMC simulations to calculate
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Fig. 3. Experimental and simulated adsorption isotherms for a 20:80 mixture of Xe
and Krin MOF-505 at 298 K. Experimental data were obtained from breakthrough
measurements.

the mixture isotherms and selectivity at 298 K. As presented in
Fig. 3, the simulated data match reasonably well with the experi-
mental isotherms and selectivity. It is remarkable that consistent
results were obtained from two totally different techniques. The
slightly higher experimental selectivities compared to the simu-
lated ones may come from some possible defects in the MOF sam-
ple, errors in the uptake wvalues from the breakthrough
measurements, or inaccuracy in the model used for the GCMC sim-
ulations. It should also be noted that the selectivities may contain
higher errors than the isotherms because the errors from two iso-
therms are accumulated. The measured selectivity (9-10) is among
the highest Xe/Kr selectivities reported. It is considerably higher
than the experimental selectivities recently reported for other
MOFs and carbon adsorbent at similar conditions: Ni/DOBDC (4),
HKUST-1 (2.6) and activated carbon (2.8) [20]. Also, MOF-505
shows high Xe uptake (2.2 mol/kg) at a partial pressure of 0.2 bar
(total mixture pressure = 1 bar). From pure-component adsorption
at room temperature, the uptake values of Xe at 0.2 bar by Ni/
DOBDC, MOF-5 and activated carbon were 1.5, 0.5 and 1.5 mol/
kg, respectively [19]. These results suggest that MOF-505 is a
promising candidate for Xe separation from Xe/Kr mixtures. This
may be attributed to the pore confinement effect of small pores
(4.8, 7.1 and 9.5 A). These small pores serve as strong adsorption
sites, especially for Xe which adsorbs more strongly than Kr due
to van der Waals interactions and its higher polarizability.

Ryan et al. [23] also performed similar simulations for HKUST-1
at 273 K. Their mixture adsorption simulation for HKUST-1 pre-
dicted unusually high Xe/Kr selectivity (17) at 0.1 bar, which was
ascribed to small octahedral pockets (5.0 A) that can accommodate
only one atom of Xe or Kr. But, the selectivity decreased steeply as
the pressure increased due to the adsorption in the larger pores
(10.6-124 A) and became modest (6-8) at higher pressures be-
tween 1 and 10 bar, which is the typical PSA pressure range. To
compare with experiments at room temperature, we repeated
the simulations for a 20:80 mixture of Xe and Kr at 298 K. As
shown in Fig. 4, a similar trend with the results at 273 K is ob-
served, but slightly lower selectivities are obtained: 13 at 0.1 bar
and 5-8 at 1-10 bar. We also performed breakthrough measure-
ments for 20:80 mixtures of Xe and Kr in HKUST-1 pellets at total
mixture pressures of 0.5 and 1 bar (Fig. 2b). In Fig. 4, the resulting
Xe and Kr uptake values and Xe/Kr selectivities are compared with
the simulated data. Unlike MOF-505, the experimental Xe and Kr
uptake values in HKUST-1 are higher than the simulated values.
Mareover, both Xe and Kr show similar uptake, and thus the result-
ing selectivities are modest (about 4.5) compared to the simulated

Pressure / bar

Fig. 4. Experimental and simulated adsorption isotherms for a 20: 80 mixture of Xe
and Kr in HKUST-1 at 298 K. Experimental data were obtained from breakthrough
measurements.

ones (8-9.5) at similar conditions. Liu et al. [20] reported even low-
er Xe/Kr selectivity (2.6) for HKUST-1 from similar breakthrough
measurements at similar conditions. The deviation in the experi-
mental selectivities may come from possible defects in the
HKUST-1 samples due to the hydrothermal instability or from dif-
ferences in synthesis and activation. Considering the low BET sur-
face area (1252 m?/g) of the sample from Liu et al., we can
speculate that their sample has the octahedral pockets blocked,
which would explain the lower selectivity. Also, we hypaothesize
the following explanation for the discrepancy between the experi-
mental and simulated selectivities. For the GCMC simulations, the
high Xe/Kr selectivities at low pressures come from the dominant
adsorption of Xe in the small octahedral pockets which can accom-
maodate only one Xe or Kr atom. For the breakthrough measure-
ments, the situation may be different because the measurement
reflects both equilibrium and kinetic effects. In a packed column,
the weaker adsorbate Kr moves down the column faster than Xe
and thus is initially adsorbed inside of small octahedral pockets to-
ward the exit of the column. When Xe reaches the downstream end
of the column, the stronger adsorbate Xe pushes out the Kr ad-
sorbed at these small octahedral pockets. Hence, in the experimen-
tal breakthrough experiments, both Xe and Kr are adsorbed in the
same octahedral pockets within a short interval of time, As a result,
these octahedral pockets do not have as strong an effect on Xe/Kr
selectivity as is observed in the simulations. The higher experimen-
tal uptake values compared to those from simulations may come
from slow movement of Xe and Kr atoms due to the small aper-
tures of the octahedral pockets, which results in long breakthrough
times. These combined equilibrium and kinetic experimental re-
sults indicate that HKUST-1 is a less promising candidate for Xe/
Kr separation, although the equilibrium GCMC simulations showed
unusually high selectivities at low loadings.

4, Conclusions

Breakthrough measurements and GCMC simulations have
shown that MOF-505 is a promising candidate for Xe separation
from Xe/Kr mixtures. The measured selectivity (9-10) is among
the highest Xe/Kr selectivities reported to date. We attribute the
high selectivity to the pore confinement effect of the small pores
(4.8, 7.1 and 9.5 A). On the other hand, our breakthrough measure-
ments show that HKUST-1 has modest Xe/Kr selectivities (4.5).
This work highlights that while GCMC simulation may provide use-
ful suggestions for adsorption separations, kinetic effects can also
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play a role, and breakthrough measurements are a useful method
to test for this.
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