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Abstract: The demand for Xe/Kr separation continues to grow
due to the industrial significance of high-purity Xe gas. Current
separation processes rely on energy intensive cryogenic
distillation. Therefore, less energy intensive alternatives, such
as physisorptive separation, using porous materials, are
required. Herein we show that an underexplored class of
porous materials called hybrid ultra-microporous materials
(HUMs) affords new benchmark selectivity for Xe separation
from Xe/Kr mixtures. The isostructural materials, CROFOUR-
1-Ni and CROFOUR-2-Ni, are coordination networks that
have coordinatively saturated metal centers and two distinct
types of micropores, one of which is lined by CrO4

2¢

(CROFOUR) anions and the other is decorated by the
functionalized organic linker. These nets offer unprecedented
selectivity towards Xe. Modelling indicates that the selectivity
of these nets is tailored by synergy between the pore size and
the strong electrostatics afforded by the CrO4

2¢ anions.

Xenon (Xe) and Krypton (Kr) separation is of industrial
interest because these gases present either commercial value
as a commodity or an environmental threat.[1] High-purity Xe
gas is valuable because of its applications in imaging, lighting,
lasers, and medical science. The existing technology for Xe/Kr
separation uses cryogenic distillation, which is energetically
demanding and laborious. This was reflected in our recent

economic analysis, which suggests that metal–organic frame-
work (MOF) based separation at room temperature could be
more cost effective than cryogenic distillation in the context
of nuclear reprocessing plants. The radioactive 85Kr and 133Xe
can be introduced to the atmosphere during nuclear reproc-
essing operations, which means that they need to be captured
and sequestered safely.[2] Although Xe is generated as fission
product, by the time the fuel is reprocessed, all the radioactive
isotopes of Xe have decayed to very low concentrations.
Radioactive 85Kr has a long half-life (t1/2 = 10.8 years) and
therefore must be captured and removed to prevent its
uncontrolled release into the atmosphere. Further presence of
any trace amounts of radioactive Kr in Xe rich stream as
a byproduct is not suitable for practical use. These factors
incentivize the development of an alternative technology for
a less energy-intensive, more cost-effective, and safer process
to capture Kr and Xe from reprocessing operations. In this
regard, Zeolites and activated carbon have been evaluated for
Xe/Kr separation at ambient conditions, however their low
Xe selectivity and adsorption capacity renders them imprac-
tical.[3] Metal–organic materials (MOMs)[4] have also been
widely investigated in terms of this gas separation due to their
promising features including their inherent structural modu-
larity, extra-large surface area, good thermal stability and
recyclability.[5] However, MOMs that rely on unsaturated
metal centers have many drawbacks, such as their strong
tendency to interact with water and the high energy costs
associated with their activation and recyclability. Several
theoretical studies suggest that a porous material for Xe
adsorption and separations should possess an optimal pore
size that is similar to or just above the kinetic diameter of Xe
(4.1 è).[6] A newly designated subclass of MOMs called
hybrid ultra-microporous materials (HUMs), which are
assembled by saturated metal cites (SMCs), which in turn
connected by combinations of organic linkers and inorganic
pillars. These HUMs have shown unprecedented performance
in the context of CO2 capture thanks to the combination of
optimal pore size and strong electrostatics afforded by the
inorganic anions.[7] In essence, HUMs can have the advan-
tages of both zeolites (stability) and MOMs (high modularity,
controllable pore size and chemistry). The mmo platform is
a family of HUMs that is sustained by pillaring square grid
sheets ([M(bpe)2]

2+; bpe = 1,2-bis(4-pyridyl)ethylene) by
angular inorganic pillars, such as CrO4

2¢, MoO4
2¢, and

WO4
2¢. These materials are already known to exhibit excep-

tional properties in terms of CO2 adsorption and separa-
tions.[8] Herein, two microporous mmo topology networks, the
CROFOUR-1-Ni[8a] prototypal mmo network and a new
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variant, CROFOUR-2-Ni (see Scheme 1), have been inves-
tigated for Xe and Kr adsorption and separation by collecting
pure gas adsorption isotherms and column breakthrough
experiments for various Xe/Kr gas mixtures.

We targeted the mmo platform because its hybrid nature
enables physicochemical properties that are not readily
achieved in existing classes of porous materials and it is
modular. Such structures can offer diversity in terms of pore
size and chemistry and are amenable to be custom-designed
to target a certain function. CROFOUR-2-Ni, [Ni(azp)2CrO4]
(azp = 4,4’-azopyridine), is a new HUM that is isostructural to
the prototypal mmo nets CROFOUR-1-Ni, MOFOUR-1-Ni
and WOFOUR-1-Ni.[8a,9] CROFOUR-1-Ni and CROFOUR-
2-Ni, possess two distinct types of micropores: one is
decorated by six oxygen atoms from the inorganic linkers
(two from each CrO4

2¢ moiety); the second is lined by the
functionalized organic linker (N=N from azp or C=C from
bpe; Scheme 1.

Permanent porosity of CROFOUR-2-Ni was confirmed
by CO2 adsorption measurements collected at 195 K (see
Supporting Information) and the Langmuir surface area was
found to be 475 m2 g¢1. Xe and Kr adsorption isotherms were
collected at 298 K, 288 K and 278 K for CROFOUR-1-Ni and
CROFOUR-2-Ni. The adsorption isotherms revealed Xe
uptakes of 39.6 cm3 g¢1 (47.1 cm3 cm¢3) and 36 cm3 g¢1

(45.7 cm3 cm¢3) for CROFOUR-1-Ni and CROFOUR-2-Ni,
respectively and Kr uptakes of 11 cm3 g¢1 (13.1 cm3 cm¢3) and
11.5 cm3 g¢1 (14.6 cm3 cm¢3) at 298 K and 1 bar, respectively.
The total uptake of gases at 1 bar is an important reference
point, but it is not necessarily relevant to efficient trace gas

separations. Figure 1 reveals the high affinity of Xe over Kr in
both materials as exemplified by the steep Xe uptakes at low
pressure, that is, conditions that are more pertinent for trace
and low-concentration Xe capture and separation.

The isosteric heats of adsorption (Qst) of Xe and Kr gases
were calculated by two methods, Clausius–Clapeyron and
Langmuir–Freundlich methods, using single adsorption iso-
therms. To our knowledge, CROFOUR-1-Ni exhibits the
highest value for Xe Qst at low loading: 37.4 kJ mol¢1. The Qst

of Xe in CROFOUR-2-Ni, 30.5 kJ mol¢1 at low loading
(Table 1), which is also higher than most other classes of
porous materials including MOMs and activated carbon.

To investigate the practical potential of these materials,
column breakthrough experiments were conducted at 298 K
for Xe/Kr gas mixtures on CROFOUR-1-Ni and CRO-
FOUR-2-Ni (Figure 2). The separation times between Xe and
Kr gases for the 20:80 gas mixture were found to be 39 and
32 ming¢1 for CROFOUR-1-Ni and CROFOUR-2-Ni,
respectively (see Figure 2 and see Supporting Information
for 50:50 mixture). These results indicate that these HUMs
efficiently adsorb and separate Xe gas with high selectivity.

Ideal adsorbed solution theory (IAST) was used to predict
the selectivity of Xe/Kr binary mixtures based on the

Scheme 1. The formation and structure of mmo nets; CROFOUR-1-Ni
and CROFOUR-2-Ni, based on the SMCs and CrO4

2¢ pillars. The
bottom row shows the two types of pores in each net: lined by the
functionalized organic linker (C=C from bpe or N=N from azp) or the
oxygen atoms from the inorganic linkers (two from each CrO4

2¢).

Figure 1. Pure gas adsorption isotherms. a) Single component gas
adsorption isotherms for CROFOUR-1-Ni collected at 298 K and
b) Single component gas adsorption isotherms for CROFOUR-2-Ni
collected at 298 K.
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experimental single adsorption isotherms collected at 298 K.
Selectivity for a 50:50 Xe/Kr binary gas mixture at 298 K and
1 bar were calculated to be 26 and 16 for CROFOUR-1-Ni
and CROFOUR-2-Ni, respectively, 22 and 15.5 for a 20:80
Xe/Kr mixture, respectively and 21.5 and 15 for 10:90 Xe/Kr

binary mixture, respectively (see Figure 2 and Supporting
Information). These values are superior to existing bench-
mark porous materials including activated carbon,[10] a porous
organic cage CC3,[15] MOF-74-Ni,[10, 11] Ag@MOF-74-Ni,[12a]

CO3(HCOO)6,
[14] SBMOF-2[12b] and HKUST-1[10, 11] (see

Table 1). Based on our breakthrough experiments using
400 ppm Xe, 40 ppm Kr balanced with air, CC3 outperforms
all materials herein. However, IAST calculations indicate that
CRFOUR-1-Ni has higher selectivity. The better perfor-
mance of CC3 is likely the result of its higher adsorption
capacity.

Molecular simulations of Xe and Kr adsorption were
performed to elucidate the nature of the binding sites in these
materials (see Supporting Information for details). The
simulations revealed that the primary adsorption site for Xe
in both MOMs is located in the cage that contains three
CrO4

2¢ ions in proximity to each other. Xe atoms interact with
six terminal oxygen atoms simultaneously (two each from
three different CrO4

2¢ moieties; Figure 3). In both HUMs, the
pore size is slighter larger than the kinetic diameter of Xe and
provides a favorable fit for the adsorbed Xe atoms. This could
explain why the Qst for Xe is exceptionally high. The primary
adsorption site for Kr in both MOMs is the same as that for
Xe (see Supporting Information). However, interactions
between Kr and the moieties at this site in both materials

are weaker, presumably
due to the smaller polar-
izability of Kr.[11] The
next favorable adsorp-
tion site for Kr in both
MOMs is the region
between two oxygen
atoms from two different
CrO4

2¢ groups, which is
located next to the pri-
mary binding site (see
Supporting Informa-
tion).[16] Adsorption of
Xe at this site in the
case of CROFOUR-1-
Ni is also possible
according to the model-
ing studies. The simula-
tions also revealed that
the Xe and Kr atoms can
adsorb within the cage
that is adjacent to the
cage containing the pri-
mary binding site in the
[001] direction (see Sup-
porting Information). To
further support our
molecular simulation
data, in situ powder
XRD measurements
were performed on Xe/
Kr-adsorbed CRO-
FOUR-1-Ni to locate
the gas molecule sites

Table 1: The adsorption performance parameters of the benchmark
porous materials in terms of Xe/Kr separation.

Sorbent Xe uptake at 1 bar
[mmolg¢1]

Xe Qst
[kJmol¢1]

20:80 Xe/Kr
Selectivity

Activated
Carbon[10]

4.2 6.6 2.9[a]

MOF-74-Ni[10, 11] 4.2 22 4[a]

MOF-74-Co[11] 6.1 26.3 10.37[d]/3.91[e]

MOF-74-Mg[11] 5.6 23.5 5.94[d]/3.76[e]

Ag@MOF-74Ni[12] 4.6 NR 11.5[c]

HKUST-1[10, 11, 13] 3.3 17.5 2.6[a]

Co3(HCOO)6
[12b,14] 2 28 11[c]

SBMOF-2[12b] 2.83 26.4 10[c]

CC3[15] 2.4 31.3 12.5[c]

CROFOUR-1-Ni 1.8 37.4 22[c]/19.8[a]

CROFOUR-2-Ni 1.6 30.5 15.5[c]/14.3[a]

[a] From breakthrough experiment. [b] The ratio of uptakes based on
single component isotherms. [c] From IAST calculation. [d] Henry’s
constant based on single component isotherm. [e] Simulated.

Figure 2. Gas mixture breakthrough experiments and calculated selectivity. a) Column breakthrough experiment
for 20:80 Xe/Kr gas mixture at 298 K and 1 bar for CROFOUR-1-Ni, b) same for CROFOUR-2-Ni, c) IAST
calculated selectivity for 20:80 Xe/Kr gas mixture compared to the experimental value from the breakthrough
experiment at 1 bar for CROFOUR-1-Ni and d) same for CROFOUR-2-Ni.
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experimentally. The results are in good agreement with the
molecular simulations (see Supporting Information for
details).[12b] Molecular modelling experiments using Vienna
ab initio Simulation Package (VASP) were undertaken to
address the co-adsorption of Xe and Kr (Supporting Infor-
mation for details). The calculated energies of the optimized
adsorbate positions revealed a deeper energy basin for the
adsorbed Xe, with a difference in energy of approximately
12 kJ mol¢1 between Xe and Kr for both CROFOUR-1-Ni
and CROFOUR-2-Ni. This is consistent with adsorbate
selection based on energetic favorability, with the Xe atoms,
which out-competes Kr atoms for the binding sites in these
HUMs.

In conclusion, two hybrid ultra-microporous materials,
CROFOUR-1-Ni and CROFOUR-2-Ni, which are based
upon SMCs and CrO4

2¢ inorganic anions, exhibit adsorption
and separation performance towards Xe that surpass bench-
mark porous materials in this context. These results were
supported by column breakthrough experiments for Xe/Kr
gas mixtures and validated by molecular simulations. Further
work will focus on systematic evaluation of the effect of pore
size and functionality on the Xe/Kr adsorption performance
of other mmo nets.
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