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Benchmarks have been established for the performance of six
metal-organic frameworks (MOFs) and isoreticular MOFs (IRMOFs,
which have the same underlying topology as MOF-5), MOF-5,
IRMOF-3, MOF-74, MOF-177, MOF-199, and IRMOF-62, as selective
adsorbents for eight harmful gases: sulfur dioxide, ammonia,
chlorine, tetrahydrothiophene, benzene, dichloromethane, ethyl-
ene oxide, and carbon monoxide. Kinetic breakthrough measure-
ments are used to determine the calculated dynamic adsorption
capacity of each “benchmark’ MOF for each gas. The capacity of
each MOF is compared to that of a sample of Calgon BPL activated
carbon. We find that pore functionality plays a dominant role in
determining the dynamic adsorption performance of MOFs. MOFs
featuring reactive functionality outperform BPL carbon in all but
one case and exhibit high dynamic adsorption capacities up to 35%
by weight.

air purification | dynamic adsorption | reticular chemistry

Release of harmful chemicals into our environment is a
growing national security concern. A number of industrial
chemicals produced in excess of 1 million tons/year worldwide
are also highly toxic and can be obtained with relative ease.
Effective capture of these chemicals is of great importance both
to the protection of the environment and to those who are at risk
for being exposed to such materials (1). General-purpose filters
are often composed of activated carbon impregnated with
copper, silver, zinc, and molybdenum salts (2). Although such
filters have proven to be effective in containing a range of toxic
gases, they are not adequately effective against all potential
threats (3, 4). The current applications of activated carbons and
any needed improvements on its current performance are largely
limited by lack of control over the metrics and functionality of
the pores because of the highly amorphous nature of its carbon
network. Such obstacles must be overcome if materials are to be
developed to address any conceivable harmful chemical.

Metal-organic frameworks (MOFs) are a new class of
crystalline porous materials, the structure of which is com-
posed of metal-oxide units joined by organic linkers through
strong covalent bonds (5, 6). The flexibility with which these
components can be varied has led to an extensive class of MOF
structures with ultrahigh surface areas, far exceeding those
achieved for porous carbons (5, 7-9). They exhibit high
thermal stability, with decomposition between 350°C and
400°C in the case of MOF-5 (10), ensuring their applicability
across a wide temperature range. The unprecedented surface
area and the control with which their pore metrics and
functionality can be designed provide limitless potential for
their structure to be tailored to carry out a specific application,
thus suggesting the possibility of being superior to activated
carbons in many applications.

Although application of MOFs to high-density gas storage has
been well studied (11-19), virtually no work has been undertaken
to measure their capacity for dynamic gas-adsorption properties.
Equilibrium adsorption does not adequately predict selectivity,
because dynamic capacity is influenced strongly by the kinetics
of adsorption (4, 20). The kinetic properties of adsorption in
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MOFs have been largely unexamined. For these reasons it is
necessary to calculate the dynamic adsorption capacity, which is
defined as the quantity of a gas adsorbed by a material before the
time at which the concentration of the gas in the effluent stream
reaches an arbitrary “breakthrough” value, 5% of the feed
concentration in this study. Here we report a series of dynamic
adsorption experiments that establish benchmarks for adsorp-
tion capacity in MOFs across a range of contaminant gases and
vapors. These benchmark adsorption values will serve to rate the
potential of MOFs as a class of materials and as a comparison
for future studies. Furthermore, they will provide insight into
what properties of MOFs make them most suited as dynamic
adsorption media.

The eight “challenge” gases were selected to include several
for which activated carbons have poor uptake, such as ammonia
and ethylene oxide, as well as several for which they have good
uptake, such as chlorine and benzene. Also chosen were carbon
monoxide, sulfur dioxide, dichloromethane, and tetrahydrothio-
phene. We sample a wide range of size, acidity, vapor pressure,
and other variables to span the entire breadth of potential
hazards. In a similar manner, six MOFs (Fig. 1) were chosen to
explore a range of surface area, functionality, and pore dimen-
sions, including MOFs with Brunauer, Emmett, and Teller
(BET) surface areas ranging from <1,000 m%g to >4,000 m?/g.
We have also represented various functionalities, such as amines,
aromatics, and alkynes, coordinatively unsaturated metal sites,
and framework catenation, as outlined in Table 1. The dynamic
adsorption capacities of the MOFs have been compared in each
case to a sample of Calgon BPL carbon, a common undoped
activated carbon that is used in various doped forms for many
protective applications. An undoped carbon was chosen to
establish a frame of reference for the MOFs, which are in
themselves undoped. We find that for each gas there is a MOF
with equal or greater, in some cases far greater, dynamic
adsorption capacity. In particular, MOF-199 (HKUST-1)
matches or outperforms BPL carbon in all but one case.

Results and Discussion

Capture of Gaseous Contaminants. Breakthrough curves for SO,
NH3s, Cl, and CO adsorption in MOF-5, IRMOF-3, IRMOF-62,
MOF-74, MOF-177, MOF-199 (the benchmark MOFs), and
BPL carbon were recorded. Selected plots of breakthrough
curves and estimated dynamic adsorption capacities for gaseous
contaminants are presented in Fig. 2 and Table 2, respectively.
No significant retention of carbon monoxide was observed for
any of the materials. Carbon monoxide breakthrough curves do
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Fig. 1.

The single-crystal x-ray structures of the benchmark MOFs: the Zn,O(CO,)s cluster linked by terephthalate (MOF-5), 2-aminoterephthalate (IRMOF-3),

benzene-1,3,5-tris(4-benzoate) (MOF-177), and diacetylene-1,4-bis(4-benzoic acid) (IRMOF-62); the Cuz(CO,)s cluster linked by trimesate (MOF-199); and 1D
Zn;0,(C0Oy); chains linked by 2,5-dihydroxyterephthalate (MOF-74). Catoms are represented in gray, O atoms are red, N atoms are teal, and metal ions are shown
as blue polyhedra. H atoms were omitted for clarity. See Table 1 for additional structural information.

not differ from the curve measured for a blank sample cell and
have been omitted for clarity.

We find retention of ammonia in all of the benchmark MOFs
to be a vast improvement relative to BPL carbon, with three of
the MOFs (IRMOF-3, MOF-74, and MOF-199) attaining at
least 59-fold improvement in dynamic adsorption capacity. How-
ever, for all other gases, MOF-5 and MOF-177 exhibit markedly
worse dynamic capacity than BPL carbon despite having higher
surface area than all other materials tested. The lack of reactive
functionality paired with the open, highly connected pore struc-
ture is, therefore, thought to make for an ineffective dynamic
adsorption medium. Indeed, simply adding an amino function-
ality to the MOF-5 structure, which results in the IRMOF-3
structure, is sufficient to increase dynamic ammonia capacity
more than 18-fold. Although IRMOF-62 has some kinetic
adsorption capacity, it too lacks any reactive functionality and is

Table 1. Diverse characteristics of the benchmark MOFs

surpassed by BPL carbon in almost all cases. All three of the
aforementioned MOFs had little or no capacity for sulfur
dioxide. The only MOF to have demonstrated considerable
capacity for chlorine gas is IRMOF-62, which is likely the result
of the highly reactive nature of the gas. Even in that case, BPL
carbon is the more successful adsorbent. Despite their high
capacities for thermodynamic gas adsorption, it is clear that
MOFs lacking reactive adsorption sites are ineffective in kinetic
gas adsorption.

Coordinatively unsaturated metal sites are known to be reac-
tive as Lewis acids (21). They demonstrate efficacy as adsorption
sites in testing of MOF-199 and MOF-74. MOF-199, which
contains an open copper(II) site, outperforms BPL carbon by a
factor of 59 in ammonia adsorption and performs equally well in
adsorbing sulfur dioxide. MOF-74 is even more effective, ad-
sorbing >62 times the amount of ammonia and nearly 6 times the

SBU* . . .
Open metal Functionalized Ultrahigh Surface area, Pore volume,
MOF oD 1D sites’ pore* CatenatedS  surface area m2/g" cm3/g
MOF-5 | ] 2,205 1.22
IRMOEF-3 n ] 1,568 1.07
MOF-74 [ ] ] 632 0.39
MOF-177 ] ] 3,875 1.59
MOF-199 n ] 1,264 0.75
IRMOF-62 u ] ] 1,814 0.99

*Secondary building units (SBUs) are either discreet inorganic clusters (0D) or linear chains (1D).
TMOF-74 contains pyramidal 5-coordinate zinc, and MOF-199 contains square 4-coordinate copper.
*IRMOF-3 contains amino functionality, and IRMOF-62 contains alkyne functionality.

SIRMOF-62 is quadruply interpenetrated.

fISurface areas calculated by the BET method for samples used in this study. These may differ from reported values as a result of variation

in handling and activation procedures.
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Fig. 2. Selected kinetic breakthrough curves of gaseous SO; (A) and NH3 (B) contaminants in the benchmark MOFs. For breakthrough curves of other gases

tested see supporting information (SI) Figs. S1 and S2.

amount of sulfur dioxide as the activated carbon sample. In both
cases, the highly reactive 5-coordinate zinc species in MOF-74,
as well as the potentially reactive oxo group, may contribute to
the highly successful kinetic adsorption. MOF-199 is less suc-
cessful when challenged with Cl, because Cl, does not typically
act as a ligand. It is clear, however, that MOFs with open metal
sites tend to be Lewis acidic and, therefore, highly effective as
adsorption media for gases that can act as Lewis bases, which is
a weakness in activated carbons (21, 22).

Although open metal sites are reactive electron-deficient
groups, amines constitute a common reactive electron-rich
group that is available for hydrogen bonding as well. As noted
above, the presence of the amine in IRMOF-3 affords a vast
improvement relative to MOF-5 in adsorption of NH3, a mole-
cule that readily forms hydrogen bonds. Relative to BPL carbon,
IRMOF-3 adsorbs almost 71 times as much ammonia before
breakthrough. Furthermore, IRMOF-3 is observed to outper-
form BPL carbon by a factor of 1.76 in adsorption of chlorine,
against which the open metal site MOFs were ineffective. Clearly
it is possible to adsorb a range of contaminants that will react
either as Lewis acids or Lewis bases simply by including a
reactive functionality of the opposite functionality in a MOF
structure.

Some insight into the adsorption mechanism in MOFs can be
gleaned by observing changes of color after adsorption of the
contaminants. Activated MOF-199 is deep violet in color. After
exposure to the atmosphere, its color rapidly changes to light
blue, because water molecules coordinate to the open copper
site. An identical color change is observed after adsorption of
ammonia, indicating that a similar adsorption process is occur-
ring. The color change progresses through the adsorbent bed,
clearly indicating the progress of the ammonia front. The change
is not reversed by prolonged flow of pure nitrogen, indicating

that ammonia molecules have chemisorbed to the copper site.
Similar color changes are observed after exposure of MOF-74 to
sulfur dioxide, IRMOF-3 to chlorine and ammonia, and
IRMOF-62 to chlorine, each of which does not undergo a color
change after exposure to atmosphere. In each case the color
change clearly indicates the progression of the contaminant front
through the adsorbent bed and is not reversed by pure nitrogen
flow. Observation of the adsorption process as a color change in
the adsorbent is a possibility for MOFs that does not exist for
BPL carbon. It provides insight into the binding mechanism and
gives a clear indication of the extent of saturation of the
adsorbent.

Capture of Vaporous Contaminants. Breakthrough curves for tet-
rahydrothiophene, benzene, dichloromethane, and ethylene ox-
ide were recorded by using the benchmark MOFs and BPL
carbon. Plots of the breakthrough curves and estimated dynamic
adsorption capacities for gaseous contaminants are presented in
Fig. 3 and Table 2, respectively.

In following with the results of breakthrough experiments on
gaseous contaminants, MOF-5 and MOF-177 do not perform
well as kinetic adsorption media. IRMOF-62 is also largely
outclassed by BPL carbon except in the case of ethylene oxide
adsorption, for which IRMOF-62 and BPL carbon are equally
ineffective. We also observe that IRMOF-3 is a poor adsorbent
for the vapors chosen, because none of them behave as good
Lewis acids.

Open metal sites, particularly the copper sites found in
MOF-199, prove to be the most effective in removing vapors
from the gas stream. Both MOF-74 and MOF-199 outperform
BPL carbon by an order of magnitude. However, MOF-74 is not
effective against the entire range of vapors, whereas MOF-199
is effective. There is essentially no difference in performance

Table 2. Dynamic adsorption capacities of the benchmark MOFs for gaseous contaminants measured in grams of gas per gram

of adsorbent

Improvement

Gas MOF-5 IRMOF-3 MOF-74 MOF-177 MOF-199 IRMOF-62 BPL carbon factor*
Sulfur dioxide 0.001 0.006 0.1941 <0.001 0.032 <0.001 0.033 5.88
Ammonia 0.006 0.105" 0.093 0.042 0.087 0.023 0.001 105

Chlorine * 0.335% * <0.001 0.036 0.092 0.190 1.76
Tetrahydrothiophene 0.001 0.007 0.090 <0.001 0.351% 0.084 0.123 2.85
Benzene 0.002 0.056 0.096 0.001 0.176" 0.109 0.155 1.14
Dichloromethane <0.001 0.001 0.032 <0.001 0.055% 0.019 0.053 1.04
Ethylene oxide 0.001 0.002 0.110 <0.001 0.095% 0.011 0.010 9.50

*Expresses the ratio of dynamic adsorption capacity of the best-performing MOF (*) to that of BPL carbon.

Best-performing MOFs.

*Experiments were not performed because of corrosion of the apparatus by chlorine.
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Fig. 3.
tetrahydrothiophene; EtO, ethylene oxide.

between the activated carbon and MOF-199 in dichloromethane
adsorption. There is some improvement over BPL carbon in
benzene adsorption and improvement by nearly a factor of 3 in
adsorption of tetrahydrothiophene. In each case except for
dichloromethane, MOF-199 exhibits a color change identical to
that observed after exposure to water or ammonia, again indi-
cating a strong interaction with the open copper site.

Conclusions

Coordinatively unsaturated metal sites (MOF-74 and MOF-199)
and amino functionality (IRMOF-3) prove effective in adsorbing
contaminants that interact strongly with those groups. In par-
ticular, MOF-199 demonstrates efficacy equal to or greater than
BPL carbon against all gases and vapors tested except chlorine.
It is particularly effective in removing gases that are vexing for
activated carbons, such as ammonia and ethylene oxide. Carbon
monoxide cannot be captured effectively with any of the MOFs
tested in this study.

It is clear that a successful dynamic adsorption medium will
contain some reactive functionality, often in the form of a
coordinatively unsaturated metal site. A variety of MOFs with
reactive functionality in the pores is known, and there exists
immense potential for the development of new MOFs with
untested functionalities and metals. Furthermore, the perfor-
mance of any MOF stands to be improved dramatically once it
is impregnated with reactive ions and compounds.

Although the findings reported here advance MOFs as prom-
ising adsorption media, there remains significant room for
additional study. Many applications involve capture of gaseous
compounds from mixtures containing potentially reactive impu-
rities or residual humidity. The effect of impurities present in a
particular setting on both the structure of a MOF adsorbent and
on the binding affinity of the target adsorbate must be addressed.
In addition, applications pertaining to personal protection de-
pend on the irreversibility of adsorbate binding. The irreversible
color change we report for some adsorbate/MOF pairings serves
as evidence of irreversibility, which for protective applications is
often desirable. However, for other applications such as gas
storage, MOFs are known to bind guests reversibly (5). In

11626 | www.pnas.org/cgi/doi/10.1073/pnas.0804900105
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Breakthrough curves of vaporous tetrahydrothiophene (A), benzene (B), dichloromethane (C), and ethylene oxide (D) in the benchmark MOFs. THT,

summary, our results open up an area of inquiry in the field of
MOFs and indicate their great potential to supplement and
eventually replace activated carbons as dynamic adsorption
media.

Materials and Methods

Preparation of MOFs. MOFs were prepared and activated in bulk quantities by
using procedures modified from the literature (5, 9, 10, 23-25). For detailed
synthetic procedures for all MOFs, see the SI Appendix. Each sample
was characterized by powder x-ray (Cu Ka) diffraction and N, adsorption
isotherm. Apparent surface areas were determined by the BET method and
were commensurate with reported values. MOFs were stored under an inert
atmosphere.

Breakthrough Testing. A schematic representation of the breakthrough test
systems can be found in the S/ Appendix and Fig. S3. Gasses were purchased
from Lehner and Martin, Airgas, and Scott-Marrin as certified mixtures in a
balance of N, Cl, at 4%, CO at 1.05%, SO, at 1.00%, and NHs at 0.99%. The
flow rate was monitored by using a Gilmont rotameter and held at 25 ml/min.
Experiments were carried out with the adsorbent at room temperature (25°C).
Detection of the effluent gas from the sample was performed by using a Hiden
Analytical HPR20 mass spectrometer. Concentrations of Ny, O, and the con-
taminant gas were sampled continuously at a minimum rate of 3 points per
min. The concentration of the contaminant gas was calibrated by comparing
it to the concentration recorded by the mass spectrometer under unimpeded
flow of the source mixture.

Liquid vapors were generated in a balance of nitrogen by a Vici Metronics
Dynacalibrator model 230 vapor generator, which is capable of delivering a
vapor concentration with +2% precision. A constant flow rate of 79 ml/min
was generated by the vapor generator. The gasses generated for the exper-
iments were mixtures in nitrogen of 64 ppm tetrahydrothiophene, 1,240 ppm
ethylene oxide, 440 ppm benzene, and 380 ppm methylene chloride. Exper-
iments were carried out with the adsorbent at 25°C. Detection of the effluent
gas from the sample was performed by using a Thermo-Fisher Antaris IGS
Fourier-transform infrared spectrometer. The spectrometer was calibrated for
detection of each contaminant vapor by using the TQAnalyst software pack-
age with a minimum of 16 calibration points across the operating detection
range. The concentration of the contaminant vapor was sampled continuously
at a minimum rate of 3 points per min.

All experiments were carried out by using a fritted 1.6-cm-i.d. glass sample
tube. Abed of MOF 1.0 cmin height (0.4 cmin the case of tetrahydrothiophene
tests) was deposited onto the glass frit under inert atmosphere. All samples

Britt et al.
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were purged with ultrahigh-purity N, gas for 20 min before testing. Testing
was carried out with the sample cell at room temperature (25°C).

Dynamic Adsorption Capacity. In each experiment, the “breakthrough con-
centration'” for each contaminant is defined as 5% of the feed concentration.
The time at which the concentration of contaminant gas in the effluent
surpasses the breakthrough concentration is designated as the “’break-
through time.” The dynamic adsorption capacity is calculated in each case by
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