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1. Introduction

Microporous frameworks have been extensively studied owing
to their promising properties and tunable structures. Recent novel
developments of coordination polymers resulted in several classes
of microporous frameworks (MFs) including Metal-Organic Frame-
works (MOFs), Covalent-Organic Frameworks (COFs) and Zeolite
Imidazolate Frameworks (ZIFs). These new classes of microporous
materials possess unique properties such as high specific surface
area, high porosity and high thermal stability. They have a highly
developed porosity that can be tuned by selection of different sec-
ondary building units (SBUs), different linkers or functionalizing
their structures. Owing to their diverse and unique properties, they
already created a strong interest for applications in hydrogen stor-
age, methane storage, gas separation, catalysis, biology [1-6].

Recently, xenon (Xe) and krypton (Kr) have attracted a major
attention of the industry and research owing to their special phys-
iochemical properties. They are used in several industrial applica-
tions such as fluorescent light bulbs, excimer laser industry and
magnetic resonance imaging (MRI) [7].

However, the high demand of these gases in above mentioned
applications and the fact that there is no source of xenon and kryp-
ton richer than air containing only 1 ppm of krypton and 0.08 ppm
of xenon causes the high cost of these gases. Up to now, krypton
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and xenon were produced as byproduct of the fractional air distil-
lation process. After a set of enrichment cycles, their mixture must
be purified and separated through further cryogenic distillation [8].
This procedure is time and energy intensive. Thus, a separation
method at room temperature is demanded. Using adsorbents for
separation and storage of krypton and xenon can be a substitution
method for cryogenic distillation methods. There is an urgent need
for the design and development of adsorbent materials for this
application. There are several investigations described in literature
applying charcoal and zeolites for noble gas adsorption and separa-
tion [9,10]. Recently, in a computational study, Ryan et al. investi-
gated the separation of xenon and krypton in several MOF
structures [11]. However, in order to go one step further toward
application, it is necessary to experimentally investigate the inter-
action between the adsorbents and noble gases. Very recently,
Thallapally et al. reported their findings in applying MOFs (NiD-
0BDC) for Xe/Kr separation [12].

In this work thermal desorption spectroscopy and adsorption
isotherm are employed to study the adsorption of xenon and kryp-
ton in several MFs and their separation capability. The results show
the potential candidates for this application.

2. Experimental

Four samples from three classes of MFs have been selected as
following. HKUST-1 was provided by BASF as Basolite C300 pro-
duced via electrochemical method. The synthesis procedure is ex-
plained in reference [13]. MFU-4l is synthesized via solvothermal
synthesis as explained in reference [14]. ZIF-8 was provided by
BASF as Basolite Z-1200 [15]. COF-102 was synthesized by Fischer’s
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group! as explained in reference [16]. Krypton and xenon were pur-
chased in high purity (99.9(4)%) from Westfalen GmbH.

Thermal desorption spectroscopy (TDS) was used to character-
ize the adsorbate-adsorbent interactions. An in-house designed
apparatus formerly employed for hydrogen and deuterium [17]
was modified for measuring noble gas desorption. The principles
of the experiment are explained in [18]. Only a small amount of
material (3-5 mg) was used for the TDS measurements in order
to keep the evolution in the linear operational range of the mass
spectrometer and to avoid readsorption [19]. Prior to exposing
the samples to the noble gases, the material was outgassed at
423 K in high vacuum to remove all adsorbed gas species from
the surface. TDS spectra were measured separately for krypton
and xenon. The experimental conditions such as outgassing, load-
ing pressure, loading temperature, cooling temperature and time
intervals were kept similar for all measurements enabling a direct
comparison of the results between krypton and xenon and for dif-
ferent samples. During the TDS measurements, the mass numbers
of 18 (water), 28 (nitrogen), 84 (krypton) and 129 (xenon) were
monitored simultaneously. It should be noted that since the
desorption signal for xenon and krypton is not calibrated, the
desorption rates are provided in arbitrary units. However, for each
individual gas the spectra are presented in equal scale allowing a
direct comparison of the samples.

The best candidates according to the TDS results were further
investigated by isothermal adsorption and calculation of isosteric
heat of adsorption. The samples were outgassed for 20h at
200 °C before the first measurement and for 2 h at 150 °C between
the measurements under high vacuum (P < 10~% mbar). Adsorption
isotherms were measured with a BELSORP-max instrument com-
bined with a BELCryo system. Argon adsorption isotherms for the
determination of BET surface area were measured at 87.3 K. Kryp-
ton and xenon saturation adsorption isotherms were measured at
119.93 and 165.1 K, respectively.

3. Results and discussion

Figs. 1 and 2 show the xenon and krypton desorption spectra of
the microporous frameworks, respectively. For each material sev-
eral desorption spectra were measured after exposure to different
loading pressures. Each sample demonstrates a characteristic
desorption profile according to the interaction between its micro-
porous structure and noble gas.

The temperature, at which all adsorbed gas atoms are desorbed
(final desorption temperature, Tg;,), diversely represents the max-
imum strength of interaction between the adsorbents and adsor-
bate. Furthermore, the total amount of desorbed gas (the area
under the spectrum) can be directly correlated to the uptake at
the corresponding loading pressure.

For low loading pressure (P.=1 mbar) the xenon desorption
spectra of all samples exhibit only a maximum in the high temper-
ature region, i.e. above 120 K (Fig. 1). By increasing the loading
pressure further, the intensity of the spectrum increases in the
high temperature region and new desorption maxima are observed
at temperatures below 120 K. In HKUST-1, MFU-4l and COF-102,
the final desorption temperature is the same for all loading pres-
sures, while in ZIF-8, Tgy, is increasing with loading pressure. It
should be further noticed that Tg,, in HKUST-1 and MFU-4l is sig-
nificantly higher than in COF-102 and ZIF-8. Fig. 2 shows the same
experiments using krypton. In general, the krypron desorption
spectra are shifted to low temperature compared to xenon. For
higher loading pressure, additional maxima or shoulders appear
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Fig. 1. Xenon desorption spectra of different MFs (Heating rate =0.1 Ks'). The
different curves for each material correspond to different loading pressures as
indicated by numbers giving the values in mbar.

at temperatures below 100 K. Again the final desorption tempera-
ture (Trp,) is independent on loading pressure except for ZIF-8.

The desorption spectra can be divided in two temperature re-
gions: a high temperature region is above 120 and 100 K for xenon
and krypton, respectively and low temperature region below these
temperatures. The low temperature region can be attributed to a
part of Xxenon or krypton condensed at the exterior surface of the
powder, since it is very close to the boiling points of the xenon
and krypton (considering the experimental condition). No adsorp-
tion is observed in this region for lower loading pressure, since all
the gas is adsorbed in the internal pore structure.

The desorption maxima in the high temperature region are cor-
related to the structure of the MFs. For each sample several desorp-
tion maxima are observed at different temperatures which can be
correlated to different desorption energies provided by different
sites in the MFs. Sequential filling of the adsorption sites at
different loading pressure shows that at the lowest coverage
(P_ =1 mbar), noble gas atoms prefer to approach the strongest site
with the highest adsorbent-adsorbate interaction. An increase in
loading pressure leads to saturation of the preferential sites and
new maxima at low temperature appear in desorption spectrum
indicating an occupation of the weaker sites.

For applications of microporous materials in gas storage, espe-
cially for hydrogen storage, the maximum gas uptake is of the
greatest importance. According to the former studies in porous
materials, there is a direct relation between BET specific surface
area (SSA) and saturation hydrogen uptake which is independent
on structure and composition of the materials [20].
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Considering similar experimental conditions (P_ = 20 mbar and
T =0.1 Ks™ 1), the relation between the uptake and SSA of the stud-
ied MFs is illustrated in Fig. 3 for each gas. The area of the low tem-
perature region of the spectra is not taken into account, since this
area is not correlated to the gas uptake of the materials.

Fig. 2. Krypton desorption spectra of different MFs (Heating rate = 0.1 Ks™'). The
different curves for each material correspond to different loading pressures as
indicated by numbers giving the values in mbar.

Fig. 3. The relation between the uptake (area under the spectra after loading at
P =20 mbar and heating rate =0.1 Ks™') and SSA.

The crystal structures of MFU-4l, HKUST-1, ZIF-8 and COF-102
are well described in references [14,17,21-23]. As Fig. 3 demon-
strates, MFU-4l represents the highest uptake for both xenon and
krypton compared to other samples. Although its SSA is higher,
COF-102 show significantly less uptake compare to HKUST-1. Com-
pare to other structures, MFU-4[ provides larger pore and aperture
sizes providing a more accessible structure to noble gas atoms.

According to Fig. 3, it can be implied that in contrast to hydro-
gen, the krypton and xenon uptake is not independent of the struc-
ture of the MFs. The kinetic diameter of the xenon and krypton are
3.96 and 3.6 A, respectively, which is significantly larger than the
corresponding value for hydrogen (2.89 A). In addition, the boiling
temperatures of Xxenon and krypton are higher than for hydrogen.
Accordingly, the penetration of the noble gases into the MF struc-
tures at low temperature can be hindered and be dependent on the
size of the apertures and the pores in the MF structure.

Although the storage capacity is an important adsorption prop-
erty, the adsorption strength cannot be underestimated, especially
for gas separation. For all investigated frameworks, desorption of
krypton and xenon takes place in the temperature range between
77-180 and 77-226 K, respectively. At higher temperatures the
amount of desorbed noble gas is negligible. Fig. 4 compares the fi-
nal desorption temperature (T;,) of all samples for krypton and xe-
non. The difference in final desorption temperature can show the
ability of the material to adsorb selectively a preferred gas from
a gas mixture. Fig. 4 indicates that for all samples xenon possesses
a higher final desorption temperature than krypton. This means
that under equal pressure and temperature conditions, xenon will
be favorably adsorbed over krypton. However, the difference be-
tween final desorption temperature of xenon and krypton depends
on the material and can be used as a parameter for the preferential
adsorption. This temperature difference is 51, 50, 40 and 44 K for
HKUST-1, MFU-41, COF-102 and ZIF-8, respectively. Higher desorp-
tion temperature of xenon in all samples can be due to the higher
polarizability of xenon (o =4.04 A%) versus krypton (o=2.8 A%)
[24] possessing higher interaction potential and consequently
higher enthalpy of adsorption. In a systematic study, Farrusseng
et al. measured the heats of adsorption of krypton and xenon in
three MOF structures [24]. Their results show for all studied MOFs,
including HKUST-1, that the heat of adsorption of xenon is higher
than the one of krypton.

Considering the difference in final desorption temperature of
the frameworks and their uptakes (Figs. 3 and 4), HKUST-1 and
MFU-4l exhibit highest uptake as well as the highest tendency to
adsorb xenon over krypton.

Fig. 4. Maximum desorption temperature of krypton and xenon for the studied
MFs.



Fig. 5. Adsorption isotherms of Kr and Xe in MFU-4/ and HKUST-1 at different
temperatures.

For the determination of isosteric heats of adsorption in HKUST-
1 and MFU-4], four isotherms at 220, 230, 240 and 250 K for kryp-
ton and 280, 290, 300 and 310 K for xenon were measured (Fig. 5).

The isosteric heats of adsorption were calculated from the mea-
sured isotherms using the Clausius-Clapeyron Eq. (1). The com-
plete calculation procedure is presented in the supporting
information.

d(InP)
#=R(Gm), W

Krypton and xenon isosteric heats of adsoption at zero limit sur-
face coverage (Qs°) are listed in Table 1. According to Table 1, at
very low coverage (Henry’s law region) the difference in isosteric
heat of adsorbtion of Xe and Kr is 4.3 and 8.2 k] mol~! for MFU-
4] and HKUST-1, respectively.

However, isosteric heat of adsorption is a function of surface
coverage. The dependence on loading is shown in Fig. 6. It can be
seen, that although HKUST-1 shows a higher Xe enthalpy of
adsorption, it is rapidly decreasing in the loading range O-
1.5 mmol g~! and remains almost constant at higher loadings. In
contrast, for MFU-4[ enthalpies of adsorption for both, Kr and Xe,

Table 1
Isosteric heats of adsorption at zero limit surface coverage.

Qs° (Kr), k] mol ! Qy° (Xe), kJ mol !
MFU-41 15.7 20
HKUST-1 18.7 26.9
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Fig. 6. Isosteric heats of adsorption of Kr and Xe in MFU-4l and HKUST-1 as a
function of loading.

Table 2
Selectivity for the adsorption of Xe over Kr at very low surface coverage.
280K 310K
MFU-41 5.6 4.7
HKUST-1 11.8 8.4

decrease slowly with increasing loading. The enthalpy of adsorp-
tion for Kr in HKUST-1 decreases with increasing loading as well,
however not as fast, as for Xe. At higher surface coverage, the dif-
ference in Xe and Kr enthalpy of adsorption remains almost
constant.

The maximal selectivity of adsorption can be obtained from
Henry constants: Sxejkr = Ku(Kr)/Ku(Xe). Table 2 shows the selectiv-
ities for the adsorption of Xe over Kr at very low surface coverage,
calculated for two different temperatures. In the case of Kr, Henry
constants at 280 and 310 K were calculated from the linear plots
presented in Fig. 9. (Supporting information). Thus, HKUST-1 has
much higher Xe/Kr selectivity at low loading. However, the selec-
tivity in the case of HKUST-1 must drop down rapidly with increas-
ing loading, since the enthalpy of adsorption for Xe decreases much
faster, than for Kr, whereas in the case of MFU-4l the difference in
adsorption enthalpies remains almost the same over the whole
measured loading range.

Pressure swing adsorption experiment of Miiller et al. also dem-
onstrate the ability of HKUST-1 in noble gas separation [6]. Re-
cently, Ryan et al. in a computational study, investigated the
separation of xenon and krypton in several MOFs including
HKUST-1. According to their calculations, HKUST-1 showed consid-
erably high performance in Xe/Kr separation [25]. To the best of
our knowledge, MFU-41 and COF-102 have not been studied for this
application previously.

4. Conclusion

In this study, we monitored the interaction strength between
different noble gases and microporous frameworks by thermal
desorption spectroscopy. TDS results show the high capability of
HKUST-1 and MFU-4l for the new application of noble gas separa-
tion. Further adsorption experiments were employed to determine
the isosteric heats of adsorption for Xe and Kr and compare the
selectivity of MFU-41 and HKUST-1. The results clearly show that
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beside HKUST-1, MFU-4! can be a potential candidate for noble gas
separation. However, to optimize the structure of these materials, a
detailed investigation of the preferred adsorption sites is
demanded.
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