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Facile xenon capture and release at room temperature using a

metal–organic framework: a comparison with activated charcoalw
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Two well-known metal–organic frameworks (MOF-5,

NiDOBDC) were synthesized and studied for facile xenon

capture and separation. Our results indicate that NiDOBDC

adsorbs significantly more xenon than MOF-5, and is more

selective for xenon over krypton than activated carbon.

The noble gas xenon, Xe, occurs naturally in the atmosphere

at 0.087 ppmv, while krypton, Kr, occurs at 1.14 ppmv. Xe is

produced industrially as a by-product in the fractional

distillation of air to separate nitrogen and oxygen. Xe has

nine naturally occurring stable isotopes. Unstable isotopes are

produced in the fission of uranium and plutonium, as well as

through the radioactive decay of other fission products.

Hence, radioactive Xe enters the atmosphere from nuclear

detonations, dissolution of the spent fuel in nuclear reproces-

sing, in the production of medical isotopes, and from nuclear

accidents such as the recent catastrophe at Fukushima Daiichi

Nuclear Power Plant in Japan.1 Monitors for radioactive

xenon isotopes are stationed around the globe to detect

nuclear explosions banned under the Comprehensive Test

Ban Treaty2 and these systems detected and tracked xenon

isotopes from the Japanese nuclear accident.

Industrially, Xe has several uses including commercial lighting.

In medicine, Xe can be used for imaging, anesthesia, and neuro-

protection. Scientifically, Xe finds use in nuclear magnetic

resonance, protein crystallography, and as a propellant in ion

propulsion engines.3 Thus, capture and separation of Xe from the

atmosphere is important for commercial uses and for atmospheric

monitoring. To obtain pure Xe, it is important to separate Xe

from its sister noble gas, Kr. Conventional adsorptive approaches

to Xe capture and purification have used conventional materials

such as zeolites and activated carbon.4

Recently a new class of sorbent called metal–organic frameworks

(MOF) or porous coordination polymers has been developed.5

MOF materials are comprised of metals or metal

clusters (‘‘nodes’’) coordinated to multi-functional building

blocks (‘‘linkers’’) and they offer unparalleled levels of perma-

nent porosity (there are numerous MOFs with BET surface

areas in the 3000–6000 m2 g�1 range).6 Furthermore, their

modular nature and their use of known coordination chem-

istry offer enormous diversity of structures and properties.7

MOFs are therefore uniquely capable of addressing high

capacity, selective storage and/or separation of both small

and large molecules and there has been an explosion of interest

in MOFs in the past decade.8

Although there are many reports of gas capture and separation

using MOFs, especially for CO2 capture for carbon

sequestration,8b,9 very few publications have addressed xenon

capture and separations.10 Mueller et al. reported higher adsorption

of Xe and Kr in containers filled with MOF-5 as compared with

empty containers.10 Similarly, breakthrough experiments

conducted by the same group on HKUST showed that a

94/6 molar ratio of Kr and Xe could be purified to 99% Kr with

less than 50 ppm of Xe. Recently, Greathouse et al. used grand

canonical Monte Carlo (GCMC) simulations to model the

adsorption of noble gases and found a selectivity of about 2.5–3

for Xe over Kr at 298K.11More recently Ryan et al. simulated the

xenon/krypton separation and screened various MOFs with

different topologies and pore sizes using GCMC calculations

and concluded that a small pore size and strong adsorption sites

are required for preferential separation of Xe over Kr.12

In this report, we describe the capture of xenon with selected

MOF sorbents, focusing on types with open metal sites, and

make comparisons with activated carbon, a conventional

material for xenon capture. The MDOBDC (M = Ni, Mg,

Zn, and Co) family of MOFs has received a great deal of

attention in the recent years due to the high CO2 capacity

(30–36 wt%) at relatively low pressures (1 bar).9a,13 The higher

adsorptions of CO2 in these materials were correlated to the

presence of a large number of open metal cites in a given unit

cell. Therefore we looked at NiDOBDC (see Fig. 1 for the

structure) for the sorption of Xe at ambient temperature,

compared the uptake and release characteristics with activated

charcoal, and examined the selectivity for Xe over Kr. The

uptake of Xe by NiDOBDC MOF was approximately twice

that of MOF-5, which we examined initially (see ESIw).14

NiDOBDC was synthesized using the published procedure

by combination of a metal nitrate with the organic linker
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2,5-dihydroxyterephthalic acid (DOBDC), in a dimethyl-

formamide (DMF), ethanol and water mixture and the resulting

solution was heated at 100 1C for 72 h to obtain a crystalline

material. The resulting precipitate was filtered and soaked in

methanol for 72 h and then activated overnight at 250 1C

under vacuum. DOBDC is a tetratopic ligand that holds two

different types of functional groups of aryloxide and carboxylate

to form a linear, hexagonal 1D pore structure. The charcoal

was obtained from U.S. Filter 1230C coconut shell activated

carbon, and was ground and sieved to 180–250 micron particle

size for comparison adsorption studies.

Thermogravimetric analysis (TGA) of NiDOBDC shows a

weight loss of 30% from RT to 250 1C corresponding to the

loss of solvent molecules (see ESIw). Variable powder X-ray

diffraction (PXRD) measurements before and after heating

NiDOBDC at 200 1C showed no change in structure, indicating

that the sample is stable to solvent desorption (see ESIw). The
surface area was determined to be 950 m2 g�1 by measurement

at 77 K using N2 adsorption; this value is in agreement with

the reported literature (see ESIw).
Gas sorption experiments were performed gravimetrically

using the Intelligence Gravimetric Analyzer (IGA) from Hiden

instruments. As described in the ESIw, this instrument equilibrates

the sample with a given introduced gas pressure, stepping from

one preprogrammed set point pressure to the next. Uptake

data for Xe, Kr, and N2 on NiDOBDC and activated charcoal

are compared in Fig. 2. The uptake of Xe by NiDOBDC is

comparable to that of carbon overall, with superior uptake

from 0.25 to 1 bar. At 1 bar, the calculated weight percentage

of xenon on NiDOBDC was found to be 55 wt% (Fig. 2) and

the desorption was completely reversible (see ESIw). The Xe

sorption experiment at RT was repeated several times and the

weight percentage was obtained within an error of �2%. By

comparison, the uptake values for the other gases were very

small at 1 bar: Kr (3 wt%) and N2 (1 wt%) respectively

(Fig. 2). Neither NiDOBDC nor charcoal has significant

uptake for N2. NiDOBDC is more selective for Xe over Kr,

with an uptake ratio of 5–6 for most of the pressure range,

compared to 3.8 for charcoal. Similarly, at 1 bar, the uptake of

xenon by MOF-5 is only 26 wt% (see ESIw), which is only

about half that of NiDOBDC.

The isosteric heats of adsorption qst at a constant loading

for Xe on NiDOBDC were calculated from Xe adsorption

isotherms at different temperatures (50 1C, 10 1C and 0 1C)

using the Clausius–Clapeyron equation. As shown in Fig. 3 qst
was relatively constant at around 22 kJ mol�1, indicating gas

interactions with a relatively homogeneous pore system. The

isosteric energies are found to be consistent with isosteric

energies for xenon absorption by other MOFs reported in

the literature (15 kJ mol�1, 25 kJ mol�1 and 21 kJ mol�1 for

MOF-5, IRMOF-3 and HKUST-1) using a pulsed adsorption

measurement technique (TAP-2) that proves the strongest

adsorption sites.15

The uptake data vs. pressure were fitted with the Dubinin–

Radushkevich (DR) equation (see ESIw) to calculate the

adsorption energies (bEo), which indicate the interaction

strength between the guest molecules and the host surfaces.16

The bE0 found for xenon in NiDOBDC, 9.9 kJ mol�1, was

Fig. 1 Honeycomb network structure of NiDOBDC.

Fig. 2 Xe, Kr and N2 adsorption isotherms at room temperature in

NiDOBDC and activated carbon.

Fig. 3 The isosteric heats of adsorption for NiDOBDC.
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greater than that found for activated carbon, 6.6 kJ mol�1

(see ESIw). These results indicate that xenon has a stronger

interaction with the NiDOBDC framework than with activated

carbon surfaces. The bE0 value plus the heat of vaporization of

xenon (12.64 kJ�mol�1) should equal the isosteric heat of adsorption,

which is consistent with our values in Fig. 3.

We set out to examine the uptake of Xe by a MOF that has

a large number of open metal sites. For example, NiDOBDC

has abundant open metal sites with uniform channels. By

comparison, MOF-5 has no open metal sites and HKUST

has far fewer open metal sites. Examining our own data, the

sorption of xenon was indeed much higher for NiDOBDC

compared to MOF-5 by a factor of two. As a noble gas atom,

the only mechanism for xenon to interact is based on its

polarizability. Metal cations are very polarizing, which may

enhance the interaction with polarizable adsorbents. In

comparison with activated carbon, NiDOBDC has similar

adsorption capacities towards Xe but NiDOBDC takes

slightly more at 1 bar pressure. Additionally, high surface

area, uniform porosity, and high diffusivity make NiDOBDC

more attractive. The ability to tune the properties of

NiDOBDC by replacing nickel with another transition metal

center (Mg, Co, Zn and Mn)17 or post-functionalization18 of

organic building blocks is also advantageous compared to

activated carbon.

In conclusion, we examined the characteristics of

NiDOBDC as a sorbent for capturing xenon at noncryogenic

temperatures, and found the uptake to be substantially higher

than for the typical prototype MOF-5. In comparison to

activated carbon, the uptake of NiDOBDC is similar. We also

find that the selectivity of the MOF material for Xe over Kr is

superior to activated carbon.
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