
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

3:
00

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Enhanced xenon
Institute of Nuclear Physics and Chemistry

Mianyang, Sichuan, 621900, P. R. China.

caep.cn

† Electronic supplementary informa
10.1039/c7ra10538j

Cite this: RSC Adv., 2017, 7, 55012

Received 23rd September 2017
Accepted 27th November 2017

DOI: 10.1039/c7ra10538j

rsc.li/rsc-advances

55012 | RSC Adv., 2017, 7, 55012–5501
adsorption and separation with an
anionic indium–organic framework by ion
exchange with Co2+†

Bo-yu Liu, You-jin Gong, Xiao-nan Wu, Qiang Liu, Wei Li, Shun-shun Xiong, *
Sheng Hu* and Xiao-lin Wang

The separation of xenon/krypton is industrially significant and an environmental concern. Adsorptive

capture and separation xenon from krypton using porous MOFs provides an energy and capital efficient

approach compared with the current cryogenic distillation process. Herein, we investigated the

adsorptive Xe/Kr separation potential of three anion In-MOFs (CPM-5, CPM-6 and the Co2+-exchanged

framework analogue Co2+-CPM-6). Anionic In-MOF Co2+-CPM-6 with Co2+ ions in pore spaces has

been obtained using a simple cation-exchange process and exhibits much higher Xe adsorption capacity

and Xe/Kr selectivity than organic cation-analogues CPM-5 ([(CH3)2NH2]
+) and CPM-6 ([CH3NH3]

+),

verified by single-component gas isotherms, IAST calculations and breakthrough experiments. The

enhanced adsorptive Xe/Kr separation performance for Co2+-CPM-6 could be due to the increased pore

size or accessible micropore volume and enhanced electric field within the pore spaces, which could

induce strong interaction with Xe and simultaneously reduce the affinity with Kr.
Introduction

Rare or noble gases xenon (Xe) and krypton (Kr) are commonly
encountered in low concentrations (Xe exists in the atmosphere
at 0.087 ppmv, and krypton (Kr) at 1.14 ppmv) and their
extraction is consequently difficult.1 However, these noble gases
are industrially valuable and have many signicant uses
including commercial lighting, medical imaging, insulation
and lasers.1,2 On the other hand, radioisotopes of xenon and
krypton (85Kr and 133Xe) are released as by-products from
nuclear reprocessing plants. For environmental concerns and
recycling of noble gases, the long-lived and hazardous 85Kr (half
life of 10.8 years) should be separated and captured from
effluent gas mixtures of nuclear fuel reprocessing plants.3,4

Meanwhile, separation and capture of xenon from radioactive
krypton in the off-gas stream aer a short-time decay of the
short half-life xenon isotope would provide a new resource of
xenon for industrial use. Currently, a 20/80 molar mixture of
Xe–Kr obtained as a by-product in cryogenic air separation must
undergo further cryogenic distillation to produce pure xenon
and krypton. And cryogenic process is also suggested for the
removal of radioactive noble gases from off-gas streams in
future nuclear reprocessing plants. However, this process is
, China Academy of Engineering Physics,
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highly energy and capital intensive.5 Therefore, effective capture
and separation of Xe–Kr at room temperature becomes an
urgent and signicant issue to be resolved.

Adsorptive separation of Xe–Kr using porous materials at
room temperature could be a suitable alternative to cryogenic
process for its easy operation and low costs. Thus, adsorbents
with high Xe/Kr selectivity and capacity are essential for the
design of adsorptive separation process such as pressure swing
adsorption (PSA) and vacuum swing adsorption (VSA).6 In this
regard, zeolites and active carbon have been used and evaluated
for Xe/Kr separation at ambient conditions.7–9 However, their
low Xe capacity and selectivity limits their practical use. Metal–
organic frameworks (MOFs), a new kind of hybrid crystalline
porous material which are hybrid lattices of organic ligands and
metal nodes (metal ions or clusters), have attracted enormous
attention over the past two decades for its ultrahigh specic
surface area, tunable pore structure, adjustable chemical envi-
ronment and high thermal stability.10–12 Owing to this feature,
MOFs appear to be promising as cost-effective and efficient
adsorbents for gas storage and separation.13–21 Recently, the
effective separation of noble gases Xe and Kr using MOFs has
received much more attention and become a new area of
focus.22–36

Up to date, studies on Xe/Kr separation using MOFs are still
scarce.37 Wang et al. showed that Co3(HCOO)6 can commensu-
rately adsorb Xe and high Xe/Kr selectivity due to the unique
pore size and channel shape.38 Thallapally et al. reported that
NiDOBDC adsorbs more Xe compared to activated carbon and
also showed that silver loading within NiDOBDC notably
This journal is © The Royal Society of Chemistry 2017
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View Article Online
enhances both Xe capacity and Xe/Kr selectivity.39,40 Cooper
et al. reported that a porous organic cage CC3, though not
a MOF, shows signicantly high Xe capacity and Xe/Kr selec-
tivity at low concentrations.41 Xiong et al. reported a exible zinc
tetrazolate framework [Zn(mtz)2] which exhibits breathing
behaviour on Xe adsorption and has a high Xe/Kr selectivity
measured by breakthrough experiment using binary Xe–Kr gas
mixture.42 Recently, Thallapally et al. reported that SBMOF-1
exhibits by far the highest reported xenon adsorption capacity
and a remarkable Xe/Kr selectivity under conditions pertinent
to nuclear fuel reprocessing.43 Computational screening studies
carried by Snurr et al. suggest that MOFs with cylindrical pores
just large enough to t a single xenon atom would have the
highest Xe/Kr selectivity but better materials remains to be
discovered.44

Recent studies have indicated several features that are
desirable for enhancing adsorption capacity and selectivity of
xenon at room temperature. One feature is the suitable pore size
commensurate with the size of Xe molecule (4.1 Å). Another
factor currently receiving considerable attention is introducing
individual localized binding sites using methods such as (1)
deposition of Ag clusters in the porous MOFs and (2) creation of
unsaturated metal sites (also called open-metal sites) and more
polarizing organic groups (–I, –OH).40,45–47 Furthermore, the
porous solid-Xe molecule interactions can also be enhanced by
employing the electric eld across the pore space that is capable
of polarizing Xe molecules and increasing the interaction with
charged internal pore surface or charged extraframework
species.40However, this approach is rarely studied becausemost
of MOFs exhibit an electrically neutral framework. Thus, it is
essential and meaningful to investigate the Xe adsorption and
separation properties of anionic MOFs and the inuence of
cations on their separation performance. Indium(III) oen
exhibits an eight-coordinated central building block with four
equivalent carboxylate ligands and has been frequently used to
design and synthesis of anionic MOFs with low connectivity and
high surface areas. Two anionic In-MOF: [(CH3)2NH2][In3-
O(BTC)2(H2O)3]2[In3(BTC)4]$solvent (denoted as CPM-5, CPM ¼
crystalline porous materials) and [CH3NH3][In3O(BTC)2(H2-
O)3]2[In3(BTC)4]$solvent (CPM-6, BTC ¼ 1,3,5-benzene-
tricarboxylate) rstly reported by Zheng et al. exhibit high
surface areas, good hydrothermal stability, coupled with suit-
able pore size (4–6 Å) and strong charge-induced forces within
the internal pore space which render them good candidates for
the study of Xe selective sorption properties.

In this work, we rstly describe facile separation of Xe from
Kr at room temperature using three anionic microporous MOFs
based upon In(III) ions, CPM-5, CPM-6 and the Co2+-exchanged
framework analogue Co2+-CPM-6. More smaller and higher
polar Co2+ ions could be easily introduced into the pores of the
anionic microporous framework using a simple ion-exchange
with organic cations ([CH3NH3]

+), which provides an approach
to tune the pore volume and electric eld across the pore space.
Experimental adsorption isotherms and breakthrough curves
under packed-bed mixture ow conditions indicates that Co2+-
CPM-6 exhibits much higher Xe adsorption capacity and Xe/Kr
This journal is © The Royal Society of Chemistry 2017
selectivity compared with its organic cation-analogues CPM-5
([(CH3)2NH2]

+) and CPM-6 ([CH3NH3]
+).

Experimental
Materials and measurements

All reagents and solvents were used as received from commer-
cial suppliers without further purication. Thermogravimetric
analyses (TGA) were performed on a TA TGA/Q500 analyzer with
heating rate of 5 �C min�1 from 27 to 800 �C. Powder X-ray
diffraction (PXRD) patterns were recorded by a Bruker D8-
advance Powder X-ray Diffractometer Instrument operated at
40 kV and 44 mA with a scan of 1.0 deg min�1. Analyses for the
concentrations of Co2+, In3+ were carried out on an Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
analyzer. Calibration curves for ICP-OES were prepared by
dilution of commercially available standards with the sample
dissolves in concentrated HCl, and diluted to proper concen-
tration for measurement. The verication of Co2+ in CPM-6 was
also carried out on a Perkin-Elmer PHI-5702 multi-functional X-
ray photoelectron spectroscopy (XPS) with Al Ka radiation.

Preparation of CPM-5 and CPM-6

CPM-5 was synthesized as a slight modication of the proce-
dure of ref. 49, in which a mixture of 0.2 g In(NO3)3$5H2O and
0.17 g H3BTC was stirred in amixed solution of H2O/DMF (1.0 g/
4.0 g) for 1 hour, and then transferred to the Teon-lined
stainless steel autoclave (20 ml), and kept at 120 �C for 5 days.
CPM-6 was synthesized using the same procedure in which the
DMF was replaced by NMF. Aer washed by methanol several
times, the colorless crystals were obtained.

Preparation of Co2+-CPM-6

The as-prepared CPM-6 sample was ion-exchanged with Co2+,
immersed in methanol containing 0.1 M Co(NO3)2 and changed
with fresh new Co(NO3)2 methanol solution every day for four
days. And then the samples were ltered and washed with
methanol several times to obtain Co2+ ions exchanged CPM-6
designated as Co2+-CPM-6.

Gas adsorption measurements

Xe, Kr, Ar, N2 adsorption and desorption isotherms were
measured on the Micromeritics 3Flex Surface Characterization
Analyzer. To get the solvent free framework, the fresh samples
of CPM-5 and CPM-6 were guest-exchanged with dry methanol 4
times per day for 2 days, ltered and degassed at ambient
temperature for 6 h, and then vacuumed at 180 �C overnight to
measurements. The fresh samples of Co2+-CPM-6 were ltered
and washed by methanol several times and degassed at ambient
temperature for 6 h, and then vacuumed at 180 �C overnight to
measurements. The adsorption isotherms at 77 K were
measured upon the liquid nitrogen bath. The temperatures of
adsorption isotherms at 273 K and 298 K were maintained using
a Micromeritics's ISO Controller (Sub-Ambient, Thermoelectric
Cooled Dewar). Ultrahigh-purity-grade (>99.999%) Xe, Kr, Ar, N2

and He gases were applied in the adsorption measurements.
RSC Adv., 2017, 7, 55012–55019 | 55013
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Results and discussion
Characterization of CPM-5, CPM-6 and Co2+-CPM-6

CPM-5 and CPM-6 were synthesized using a slight modication
of a published procedure.49 The phase purity of the sample was
conrmed by PXRD. CPM-5 and CPM-6 rstly reported by Zheng
et al. have the same framework structure just with different
organic cations ((CH3)2NH2

+ for CPM-5, CH3NH3
+ for CPM-6).

As shown in Fig. 1, CPM-5 and CPM-6 have a fascinating cage-
within-cage architecture structure. The bigger In24 sodalite
cage built with negatively charged single-metal building blocks
{In(CO2)4} and BTC3� ligands with 25.7 � 25.7 � 25.7 Å3 in
dimension is far too large for capture of Xe atoms. The small
inner In12 cage comprised of four positively charged trimeric
clusters {In3O} and three BTC3� ligands with a dimension of
8.7 Å. The In12 cage was interconnected with the In24 cage by 12
BTCs ligands which segment the pore space of the large sodalite
cage into multiple domains. Driing cations – (CH3)2NH2

+

(CPM-5) and CH3NH3
+ (CPM-6) are amid these networks. The

whole pore space partitioned by BTC linkers and occupied by
cations exhibits microporous pore network structure. The
micropore size of 4–6 Å was calculated using Horvath–Kawazoe
method. Additionally, removal of the three dangling water on
{In3(O)(O2CR)6(H2O)3} of the inner In12 cage during the activa-
tion procedure generates In3+ sites being exposed to pore
surface for Xe adsorption.48 Interestingly, the outer In24 cage
composed of {In(CO2)4} units is negatively charged while the
inner In12 cage made from {In3(O)(O2CR)6(H2O)3} units is
positively charged, resulting in an electric eld within the pore
space.49What's more, the organic cations within the pores could
be easily exchanged by metal ions to tune the pore size and
electric eld for Xe adsorption.50 In this work, we choose Co2+

ions to exchange with [CH3NH3]
+ using the as-synthesized CPM-

6 samples based on several reasons: (1) bivalent Co2+ ions
having higher polarizing ability compared to [CH3NH3]

+ and
bivalent metal ion would enhance electric eld within the pore
Fig. 1 (a–e) Structures of trimeric {(In3O)(H2O)3} unit, monomeric In3+

ion, In12 cage, In24 cage and In12@In24 cage, respectively. The purple
solid lines represent BTCs. The blue solid balls represent the cations
([(CH3)2NH2]

+, [CH3NH3]
+). The small yellow ball represents the In12

cage cavity. The big yellow ball represents In24 cage cavity.

55014 | RSC Adv., 2017, 7, 55012–55019
space, (2) for M-MOF-74 (M ¼ Co2+, Mg2+, Zn2+ and Ni2+), Co2+

shows signicantly stronger binding to Xemolecules thanMg2+,
Zn2+ and Ni2+, which has been proved by experimental and
simulated results,45,51,52 (3) Co2+ is smaller than [CH3NH3]

+,
consequently releasing more space volume for Xe adsorption.
Fig. 2 The PXRD patterns of CPM-5, CPM-6, and Co2+-CPM-6.

This journal is © The Royal Society of Chemistry 2017
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Co2+-exchange sample, Co2+-CPM-6 was obtained by soaking as-
synthesized CPM-6 samples into a methanol solution of
Co(NO3)2. In3+/Co2+ molar ratio in Co2+-CPM-6 measured by
ICP-OES is 29, which means 62% [CH3NH3]

+ cations has been
replaced by Co2+ ions. And XPS result of Co2+-CPM-6 (see
Fig. S13†) also showed that Co2+ ions were successfully intro-
duced into the framework.

Powder X-ray diffraction patterns indicate that pure phase
samples of CPM-5 and CPM-6 have been successfully synthe-
sized (shown in Fig. 2). Co2+-CPM-6 nearly has the same PXRD
patterns with CPM-6, which shows that Co2+-CPM-6 maintains
its framework structure and crystalline state well during the
Co2+-exchange process. And the PXRD patterns for the activated
samples illustrate that CPM-5, CPM-6 and Co2+-CPM-6 are
stable enough for gas sorption measurements aer their acti-
vation procedure.

As shown in Fig. 3, N2 sorption isotherms of CPM-5, CPM-6
and Co2+-CPM-6 at 77 K indicate that all three samples exhibit
a typical reversible type-I behavior. We adopted two models:
Langmuir and BET surface area to precisely evaluate the specic
surface areas of these three materials. The Langmuir and BET
surface areas of CPM-5 are 768 m2 g�1 and 521 m2 g�1,
respectively. And the micropore volume of CPM-5 (using t-plot
method) was also calculated to be 0.242 cm3 g�1. The (Lang-
muir) BET surface areas and micropore volume of CPM-6 were
calculated to be (871 m2 g�1) 583 m2 g�1 and 0.282 cm3 g�1,
which are higher than that of CPM-5. This could be due to small
cation size of [CH3NH3]

+ in CPM-6 taking up less pore space
compared with [(CH3)2NH2]

+ in CPM-5. The surface area and
micropore volume of CPM-5 and CPM-6 in this work are
consistent with the reported literature.49 Co2+-CPM-6 with the
small Co2+ ions for charge-compensating exhibits the highest
(Langmuir) BET surface areas and micropore volume compared
with CPM-5 and CPM-6 and were calculated to be (1055)
671 m2 g�1 and 0.305 cm3 g�1, respectively. Langmuir model
has a relative higher value than BET model. The differences
between Langmuir and BET surface areas could be attributed to
Fig. 3 N2 sorption isotherms of CPM-5, CPM-6 and Co2+-CPM-6 at
77 K.

This journal is © The Royal Society of Chemistry 2017
the different hypothesis that Langmuir model assumes mono-
layer adsorption while BET model assumes multilayer adsorp-
tion. Thus it is a reasonable result that Langmuir model has
a higher value than BET model. However, the specic surface
areas of these two models don't differ too much, which mani-
fests that CPM-5, CPM-6 and Co2+-CPM-6 belong to the micro-
pore materials and the pore sizes won't exceed 7 Å (see Fig. S3†).
The DFT pore sizes distribution calculated by DFT model shows
Fig. 4 Xe and Kr adsorption and desorption isotherms of CPM-5,
CPM-6 and Co2+-CPM-6 at 273 K and 298 K.

RSC Adv., 2017, 7, 55012–55019 | 55015
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Table 1 Gas uptake (mmol g�1) at 298 K and 1 bar, Henry constants (mmol g�1 bar�1) and Qst (kJ mol�1) on CPM-5, CPM-6 and Co2+-CPM-6a

NXe (mmol g�1) NKr (mmol g�1) NXe/NKr HXe (mmol g�1 bar�1) HKr (mmol g�1 bar�1) HXe/HKr Qst(Xe) Qst(Kr)

CPM-5 2.44 0.71 3.1 6.06 0.89 6.8 25.0 17.3
CPM-6 2.89 0.78 3.7 6.15 0.85 7.2 25.1 17.1
Co2+-CPM-6 3.20 0.75 4.3 6.28 0.81 7.8 25.9 16.6

a NXe and NKr represent Xe and Kr uptake, respectively; HXe and HKr represent Henry's constant of Xe and Kr.
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that Co2+-CPM-6 exhibits a little decrease of pore space in the
range of 5.4–6.4 Å and a distinct increase of pore space in the
range of 6.4–8.6 Å compared with CPM-6. These results show
that ion-exchange with small metal ions in anionic framework
could provide an effective way to enhance the specic surface
area and adjust the micropore volume or pore size (see Fig. S3†).
Fig. 5 The isosteric heats of adsorption (Qst) for Xe and Kr in CPM-5,
CPM-6 and Co2+-CPM-6.
Single component sorption isotherms, Henry's constants and
isosteric heats of adsorption

The establishment of the permanent porosity enabled us to
examine their gas sorptions of Xe and Kr. As shown in Fig. 4.
Pure adsorption and desorption isotherms for Xe and Kr in
CPM-5, CPM-6 and Co2+-CPM-6 were measured at 298 K and
273 K up to 1 bar. Adsorption and desorption isotherms for Xe
and Kr are fully reversible and the sorption of Xe exhibits type-I
behavior, which was typical for strong adsorbates sorption in
microporous materials. The uptake of Xe at 298 K and 1 bar for
CPM-5 and CPM-6 are 2.44 mmol g�1 and 2.89 mmol g�1,
3.4 times and 3.7 times higher than their Kr uptakes
(0.71 mmol g�1 for CPM-5 and 0.78 mmol g�1 for CPM-6). The
Xe uptake of Co2+-CPM-6 at 298 K and 1 bar is 3.20 mmol g�1,
which is 4.3 times higher than its Kr uptake (0.75 mmol g�1). It
should be noted that Co2+-CPM-6 has an obvious higher Xe
uptake than CPM-6 but a slightly low Kr uptake compared with
CPM-6. The enhancement of Xe adsorption capacity for Co2+-
CPM-6 could be due to an increase in the accessible micropore
volume. The slightly lower Kr uptake of Co2+-CPM-6 may be due
to the decrease of micropore volumes in the range of 5.4–6.4 Å,
that are suitable for Kr adsorption.

In order to understand and explain the different perfor-
mances for these three MOFs on uptake of Xe over Kr, we
calculated the Henry's constants based on single component
sorption isotherms to evaluate the gas–adsorbent interactions.
Henry's constant is a useful measure of adsorbents' affinity for
adsorbates, since it represents the partition of the adsorbate
between its bulk phase and adsorbed phase at very low pres-
sures.38 The Henry's constants for Xe and Kr in CPM-5, CPM-6
and Co2+-CPM-6 were calculated using low-pressure isotherms
at 298 K. We tted the low-pressure isotherms which passed
through the original point and appeared linear t, and obtained
slopes of these tting lines which represent the Henry's
constants (see Fig. S6–S11†). As shown in Table 1, the order of
the calculated Henry's constants for Xe is Co2+-CPM-6 > CPM-6 >
CPM-5. Interestingly, the order of the calculated Henry's
constant for Kr is CPM-5 > CPM-6 > Co2+-CPM-6, which is
opposite to the order of the Henry's constants for Xe. The
enhancement of Henry's constant for Xe in Co2+-CPM-6 could
55016 | RSC Adv., 2017, 7, 55012–55019
be due to the more polarized electric eld across the pore space
or strong interaction between Co2+ ions and Xe molecules. The
lower Henry's constant for Kr in Co2+-CPM-6 is main due to the
decreased pore volumes in the range of 5.4–6.4 Å that are just t
for adsorption of Kr atoms. To verify adsorption strength of Xe
and Kr in CPM-5, CPM-6 and Co2+-CPM-6, we calculated the
isosteric heats of adsorption (Qst) from single component
adsorption isotherms as a function of quantity adsorbed at
different temperatures (273 K and 298 K) using the Clausius–
Clapeyron equation. As shown in Fig. 5, Xe Qst values of CPM-5
and CPM-6 at low loadings are 25.0 kJ mol�1 and 25.1 kJ mol�1,
which are nearly the same. Co2+-CPM-6 has a higher Xe Qst value
(25.9 kJ mol�1) than CPM-5 and CPM-6. The Kr Qst values of
these three MOFs at low loading are as follows: CPM-5
(17.3 kJ mol�1) > CPM-6 (17.1 kJ mol�1) > Co2+-CPM-6
(16.6 kJ mol�1), which matches well with the order of the
Henry's constants for Kr. All these results indicates that intro-
duce of small and polar Co2+ ions could enhance the Xe inter-
action with pore surface and reduce affinity of Kr. The Xe/Kr
selectivity calculated by the radio of Henry's constants follows
the order: Co2+-CPM-6 (7.8) > CPM-6 (7.2) > CPM-5 (6.8), which
indicates that Co2+-CPM-6 has the strongest interaction with Xe
molecules of these three MOFs.
IAST selectivity

Ideal adsorbed solution theory (IAST) is a thermodynamic
method which can predict the selectivity of gas mixtures based
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10538j


Fig. 7 The breakthrough curves of CPM-5, CPM-6 and Co2+-CPM-6
for a 20 : 80 Xe/Kr gas mixture at 298 K and 1 bar. The flow rate of He
and Xe/Kr gas mixture is 5 ml min�1.
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on the experimental single component adsorption isotherms
and has been proved to be an effective approach to evaluate the
separation ability of various materials.53–55 In order to obtain
good prediction by IAST, pure isotherms of Xe and Kr were tted
using the dual-site Langmuir–Freundlich (DSLF) model (see
Table S1†).56 In this work, we predicted the Xe/Kr selectivity by
IAST for 20/80 Xe/Kr gas mixture, which is an industrially rele-
vant composition for Xe–Kr gas mixture to assess the potential
of CPM-5, CPM-6 and Co2+-CPM-6 on Xe/Kr separation. As
shown in Fig. 6, Co2+-CPM-6 exhibits a distinct enhancement on
Xe/Kr selectivity compared with CPM-6 aer the Co2+-exchange
process. The IAST Xe/Kr selectivities of these three materials
follow the order of Co2+-CPM-6 (9.3) > CPM-6 (7.3) > CPM-5 (7.1)
at 100 kPa and 298 K, which agrees with the results from
Henry's constants. This could be attributed to the stronger
electric eld across the pore space with Co2+ ions as compen-
sating cations in Co2+-CPM-6, that is capable of polarizing Xe
atoms and increasing its interaction with charged pore surface
or Co2+ ions. The IAST Xe/Kr selectivity of Co2+-CPM-6 is among
the reported high Xe/Kr selectivity porous materials: SBMOF-1
(16), SBMOF-2 (10), Co3(HCOO)6 (11), CC3 (12.5), Ag@MOF-
74Ni (11.5), Co-MOF-74 (12).43,46
Dynamic breakthrough experiments

We also carried out the breakthrough experiments at room
temperature to evaluate the potential of these three MOFs for
the adsorptive separation of Xe/Kr mixtures, under the real
world conditions (see Fig. S12†). Fig. 7 shows the breakthrough
curves of Xe and Kr upon separation of a 20/80 Xe/Kr mixture on
the column packed with CPM-5, CPM-6 and Co2+-CPM-6 at
298 K and 1 bar. For all three MOFs, Kr rstly elutes from the
column, and was detected at �9 min g�1 aer the gas mixture
was introduced into the column. While Xe retains strongly in
the column and was detected at a breakthrough time of
�15 min g�1 for CPM-5, 24 min g�1 for CPM-6 and 35 min g�1

for Co2+-CPM-6, respectively. The Kr concentration at the
column outlet exceeding the feed concentration indicates
Fig. 6 IAST-predicted Xe/Kr selectivities of CPM-5, CPM-6 and Co2+-
CPM-6 for 20/80 Xe/Kr gas mixture at 298 K.

This journal is © The Royal Society of Chemistry 2017
a signicantly stronger interaction for Xe molecules than Kr
molecules with the adsorbents during the breakthrough
process. The Xe/Kr selectivity of CPM-5, CPM-6 and Co2+-CPM-6
was calculated to be 6.2, 6.6 and 8.9 respectively, based on the
adsorption capacity of the two gases, agreeable with the IAST
selectivity derived from the single gas adsorption isotherms.
These results indicate that aer Co2+-exchange process, Co2+-
CPM-6 has a remarkable higher Xe/Kr selectivity than CPM-5
and CPM-6 not only at equilibrium, but also under kinetic
ow conditions. What's more, Co2+-CPM-6 exhibits less diffu-
sion effect for Xe than CPM-5 and CPM-6 in the breakthrough
process and would provide better Xe/Kr separation performance
in the practical application. This could be due to the improve-
ment of pore size and micropore volumes in the framework
during the Co2+-exchange process. The high Xe capacity and Xe/
Kr selectivity suggests Co2+-CPM-6 a promising candidate for
Xe/Kr adsorptive separation.
Conclusions

In this work, we have investigated adsorptive Xe/Kr separation
potential of three anionic porous indium–organic frameworks
(CPM-5, CPM-6 and the Co2+-exchanged framework analogue
Co2+-CPM-6). A new anionic In-MOF Co2+-CPM-6 with Co2+ ions
in pore spaces has been obtained using a simple cation-
exchange process and exhibits much higher Xe adsorption
capacity and Xe/Kr selectivity than CPM-5 and CPM-6, veried
by the single-component gas isotherms, IAST calculations and
breakthrough experiments. Small and polarized Co2+ ions could
increase the pore size or accessible micropore volumes and
enhance the electric eld within pore space, which could induce
strong interaction with Xe and simultaneously reduce the
affinity with Kr, suggesting the potential of Co2+-CPM-6 to be
a promising candidate material for Xe/Kr adsorptive separation.
The introduction of small and polarized metal ions such as Co2+

ions into an anionic MOF to tune its pore size or pore volume
RSC Adv., 2017, 7, 55012–55019 | 55017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10538j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

3:
00

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and electric eld across pore space may be a promising strategy
to enhance Xe adsorption capacity and Xe/Kr separation
performance of MOFs.
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