MOF-based adsorbents for atmospheric emission

Subjects: Others

Contributor: Domenico Caputo

This topic focuses on the use of metal-organic frameworks (MOFs) for adsorbing gas species that are known to weaken
the thermal self-regulation capacities of Earth’s atmosphere. A large section is dedicated to the adsorption of carbon
dioxide, while another section is dedicated to the adsorption of other different gas typologies, whose emissions, for
various reasons, represent a “wound” for Earth’s atmosphere. High emphasis is given to MOFs that have moved enough
ahead in their development process to be currently considered as potentially usable in “real-world” (i.e., out-of-lab)
adsorption processes. As a result, there is strong evidence of a wide gap between laboratory results and the industrial
implementation of MOF-based adsorbents. Indeed, when a MOF that performs well in a specific process is commercially
available in large quantities, economic observations still make designers tend toward more traditional adsorbents.
Moreover, there are cases in which a specific MOF remarkably outperforms the currently employed adsorbents, but it is
not industrially produced, thus strongly limiting its possibilities in large-scale use. To overcome such limitations, it is hoped
that the chemical industry will be able to provide more and more mass-produced MOFs at increasingly competitive costs
in the future.
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| 1. Introduction

Since its first historical traces, mankind has never had to face global challenges such as those happening in the
contemporary age. Among them, climate change is the challenge nowadays considered to be the most threatening for the
survival of the whole human race

[, Climate change is mainly dependent on the energy transport phenomena occurring between Earth and outer space. In
turn, such energy transport phenomena are strongly related to the physicochemical status of Earth’s atmosphere. After
the Industrial Revolution took place from the second half of the 18th century to the first half of the 19th century, anthropic
activities started to dramatically influence the “health” of the Earth’s atmosphere. Therefore, the energy balance of our
planet is being modified in such a way that its average temperature is abnormally increasing (global warming). This
temperature increase is already causing anomalous climatic events, which are unprecedented in human history and recall
prehistorical periods of planetary crisis such as Late Quaternary extinctions [&. In order to try reverting global warming,
immediate action must be taken to minimize anthropic emissions that modify the chemical composition of Earth’s
atmosphere. Among the unit operations of the process industry, adsorption has turned out to be the most efficient for
separating gas mixtures in fractions or in pure components B, In other words, adsorption represents the cleanest way of
capturing pollutants from end-of-process gas streams that are discharged into the atmosphere. When designing an
adsorption system, one of the crucial choices concerns the type of adsorbent material that will be used in the packed
beds. The materials mostly contemplated for adsorption processes are nanoporous materials 4, in particular, microporous
materials (with pore sizes below 2 nm) and mesoporous materials (with pore sizes between 2 and 50 nm). During the last
15 years, microporous metal-organic frameworks (MOFs) have shown great potential for improving the performances of
different industrially relevant, adsorption-based applicationst. This review will focus on the use of MOFs for adsorbing
gas species, which are known to weaken the thermal self-regulation capacities of Earth’'s atmosphere. Obviously, a large
section will be dedicated to the adsorption of carbon dioxide, whose emissions are the main cause of the so-called
greenhouse effect, while another section will be dedicated to the adsorption of other different gas typologies (e.g.,
fluorinated gases, volatile organic compounds, etc.) whose emissions, for various reasons, represent a “wound” for
Earth’s atmosphere. Nevertheless, the critical approach to the following literature survey was based on the search for the
three main functionalities that an ideal adsorbent should always feature:

i. High adsorption capacity toward the target adsorptive (e., the value of the adsorbed amount of substance observed in
saturation conditions);

ii. High selectivity toward the target adsorptive (e., the ability of the adsorbent to preferably adsorb one adsorptive when
mixed with others);



iii. High regeneration capacity (e., the possibility of removing the adsorbate by means of simple and inexpensive methods,
in order to use the same adsorbent for repeated adsorption cycles).

Moreover, high emphasis will be given to studies about MOFs that have moved ahead enough in their development
process to be currently considered as potentially usable in “real-world” (i.e., out-of-lab) adsorption processes. The crystal
structures of some of these MOFs, whose performances as adsorbents will be detailed in the next sections, are shown in
Figure 1.

Figure 1. Crystal structures of some mass-produced metal-organic frameworks (MOFs): (a) MOF-177; (b) Cu-BTC; (c)
Mg-MOF-74; (d) ZIF-8; (e) PCN-250 (Feg); (f) UiO-66.

| 2. CO, adsorption on MOFs

Starting from the advent of the Industrial Revolution, anthropic activities caused an increase in carbon dioxide
atmospheric concentration of more than 50%, i.e., from about 260 ppm of pre-industrial era [ the current 400 ppm (and
more)ld. Such anomalous change in the composition of Earth’s atmosphere is significantly reducing the fraction of
absorbed solar radiant energy that the planet gives back to outer space. This phenomenon, known as greenhouse effect
[8 is the main cause of the abnormal planetary temperature rise registered during the last two centuries. Anthropic CO,
emissions mainly come from three sources:

i. transportation, through combustion of fossil fuels;
ii. electricity production, (again) through combustion of fossil fuels;
iii. industry, through reforming of fossil fuels, gaseous byproducts of industrial steelmaking and cement industry, etc.

As particularly regards the last two scenarios, the implementation of adsorption columns downstream of electricity
production and industrial plants can provide a drastic reduction of CO, emissions [2l201[21][22](23][24](25]26][27][28][29][30][31](32]
(33][34][35][36[37[38][391[40][41]142]  yp to the end of the last century, zeolites were considered the best option among
nanoporous adsorbents for CO, capture and they are still considered the benchmark in terms of benefit-cost ratio 19, also




because zeolites can be synthesized starting from several waste materials 1. In the last two decades, a lot of efforts
were focused in studying the CO, adsorption properties of functionalized mesoporous silicates L2I1SI14I15]16] Eyentyally,
in the last 15 years, there has been an exponential development of studies about the CO, adsorption properties of MOFs.
Readers who are interested only in this specific topic are invited to also read a recent review by Ghanbari et al. 4. With
respect to the latter paper, rather than focusing on the correlation between MOF structures and CO, adsorption
performances, this section of the present review will give emphasis on the actual suitability of MOFs to be used in
industrial CO, adsorption processes. In particular, potential applications in packed bed adsorption columns will be taken
into account, whereas membrane-based separation needs specific treatises 8. An overview of the recent (limited to the
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Table 1. MOFs potentially suitable for CO, adsorption

CO, adsorption capacity,! mollkg (reported
MOF type X . 2 Reference
working conditions, T and p)

9.02 (298 K, 1400 kPa) [19]
MOF-177 1.00 (298 K, 100 kPa) [23]
0.93 (293 K, 100 kPa) [39]
lonic liquid — functionalized MOF-177 1.14 (303 K, 100 kPa) [24]
7.00 (283 K, 100 kPa) [26]
14.00 (303 K, 4000 kPa) [28]
Cu-BTC
8.07 (303 K, 1000 kPa) [29]
11.70 (297 K, 1500 kPa) [30]
lonic liquid — functionalized Cu-BTC 1.70 (303 K, 15 kPa) [32]
Li — doped Cu-BTC 4.85 (298 K, 100 kPa) [33]
8.61 (298 K, 100 kPa) [37]
9.02 (293 K, 100 kPa) [39]
Mg-MOF-74
15.00 (313 K, 3500 kPa) [40]
14.80 (303 K, 3000 kPa) [41]
Mg-MOF-74 — polystyrene composite 4.98 (298 K, 100 kPa) [44]
6.06 (breakthrough, CO,/N, mixture, [45]
Tetraethylenepentamine — functionalized Mg- [CO2] = 15 mol%, 333 K)
MOF-74

6.11 (298 K, 100 kPa) [46]



Ethylenediamine — functionalized Mg-MOF-74

ZIF-8

Ammonia — functionalized ZIF-8

Ethylenediamine — functionalized ZIF-8

Tetraethylenepentamine — functionalized ZIF-8

3-amino-1,2,4-triazole — functionalized ZIF-8

2-nitrobenzimidazole — functionalized ZIF-8

Thermally annealed ZIF-8

Li — doped polyoxometalate — ZIF-8 composite

lonic liquid — functionalized ZIF-8

PCN-250 (Feg)

UiO-66

Ti — exchanged UiO-66

Adipic acid — functionalized UiO-66

Ethanolamine — functionalized UiO-66

Polyethylenimine — functionalized UiO-66

Tetraethylenepentamine — functionalized UiO-66

5.42 (298 K, 100 kPa)

8.60 (303 K, 4000 kPa)

9.10 (303 K, 4500 kPa)

7.50 (298 K, 3000 kPa)

9.85 (298 K, 2500 kPa)

2.18 — 3.19, depending on the amine content
(318 K, 500 kPa)

2.51 (308 K, 200 kPa)

3.39 (273 K, 120 kPa)

3.00 (298 K, 250 kPa)

16.00 (298 K, 1000 kPa)

0.83 (303 K, 20 kPa)

5.24 (breakthrough, CO,/N, mixture,
[CO,] = 15 vol%, 303 K)

3.02 (298 K, 100 kPa)

7.65 (303 K, 6000 kPa)

7.29 (298 K, 3000 kPa)

1.48 (303 K, 100 kPa)

4.34 (298 K, 2000 kPa)

4.37 (273 K, 120 kPa)

3.76 (273 K, 100 kPa)

1.70 (298 K, 100 kPa)

3.32 (298 K, 100 kPa)

3.70 (breakthrough, CO,/He mixture,
[CO,] = 10 vol%, 348 K, 100 kPa)

[47]

(48]

[50]

[51]

[52]

(53]

[55]

[56]

[57]

(58]

[59]

(63]

(64]

(65]

(66]

[67]

(68]

[72]

(73]

[74]
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Li — doped UiO-66 2.80 (298 K, 100 kPa) [77]

1 Where not explicitly reported in the cited papers, CO, adsorption capacity values were extracted from plots using
reverse engineering software.

2 Where not explicitly reported, working conditions imply the collection of pure CO, adsorption isotherms.

A crucial, still overlooked aspect regards the need of shaped adsorbents for packing industrial scale beds, whereas all the
examined materials are initially produced in powder form. Actually, commercial MOF providers offer powder shaping as an
additional service 8, thus relieving the end user from this laborious task. Anyway, in order to be of any practical use
inside adsorption columns, MOF powders need to be processed by means of classical methods such as granulation and
pelletization 9. In both the latter cases, adsorbent shaping comes with a cost, i.e., it negatively affects the structural /
textural properties of MOFs. The techniques used for shaping MOFs thus demand further research in order to optimize
such manufacturing process BYBLIE2 The most detrimental side effects that must be still minimized are the collapse of
the adsorbent crystalline lattice, the reduced access to its pore structure and the diffusion limitations of shaped bodies due
to non-optimal void fractions between primary powders 2!,

A last, even more crucial issue about the suitability of using MOFs in actual industrial CO, adsorption processes regards
the comparison between the costs and the benefits that such a technological shift would bring along. Unfortunately,
current analyses available in literature seem to point out that, despite their declared performance superiority, MOFs
cannot compare to much cheaper traditional adsorbents. As an example (more systematic than others already cited ),
Danaci et al. assessed 22 different MOFs (some of which are among the ones listed in Table 1) against specific
performance constraints and cost in CO, capture from flue gas using PVSA 84l At the end of such a significant screening,
the MOF that showed the best performance and lowest cost was a still-commercially-unavailable one (i.e., UTSA-16),
whose performance was in line with a much cheaper 13X zeolite anyway. It is hoped that studies like the latter one
provide specific directions for material scientists to design MOF adsorbents with more focus on actual process needs than
on the discovery of new structures per se.

3. MOFs for other adsorption processes significant for the atmospheric
environment

As outlined in Section 1, in addition to CO,, there are other greenhouse gases and other gas typologies whose emissions,
for various reasons, represent a significant “wound” for Earth’s atmosphere. Also in these cases, adsorption represents
the cleanest way for capturing such pollutants from end-of-process gas streams, and MOFs could be considered a valid
choice as materials for adsorption column packing.

3.1. Adsorption of sulfur and nitrogen oxides

When emitted into the atmosphere, sulfur and nitrogen oxides (namely, SO, and NO,) contribute to ground-level ozone
formation and are responsible for eutrophication, reduction in water quality and, eventually, species richness. They are
also associated with adverse effects on human health as high concentrations cause respiratory illnesses. Both NO, and
SO, are combustion products that are emitted into the atmosphere within flue gas. Indeed, most anthropogenic SO, and
NO, emissions emerge from the combustion of coal and heavy oil. Moreover, other industrial processes are also
specifically responsible for significant SO, emissions [E311E8],

During the last 15 years, the scientific community has shown a growing interest in the attempt to capture industrially
originating SO, and NOy before their emission into the atmosphere. MOFs, due to their great sorption capacities and their
selectivity in capturing a large number of toxic and pollutant gases [EZ[EB8IEALAGL  are thus considered promising
candidates for packing SO, and NO, adsorption columns. In this regard, the most interesting results are summarized in
Table 2.

Table 2. MOFs potentially suitable for SO, and NO, adsorption.[221931194]

Adsorption capacity,! mol/kg (reported
MOF type Adsorbate i . Reference
working conditions, T and p)?



0.71 (breakthrough, SO,/O,/He mixture,

Cu-BTC SO,
[SO,] = 50 ppm, 773 K)
[92]
2.71 (breakthrough, SO,/O,/He mixture,
Ba — doped Cu-BTC SO,
[SO,] = 50 ppm, 773 K)
MOF-177 SO, 25.70 (293 K, 100 kPa) [93]

) 1.59 (breakthrough, NO,/Ny/air mixture,
UiO-66 NO, [94]
[NO2] = 1000 ppm, 298 K)

1 Where not explicitly reported in the cited papers, adsorption capacity values were extracted from plots using reverse
engineering software. 2 Where not explicitly reported, working conditions imply the collection of single-component
adsorption isotherms.

3.2. Adsorption of volatile organic compounds

Volatile organic compounds (VOCs) are a major group of air pollutants, potentially leading to photochemical smog,
carcinogenesis, teratogenesis, and mutagenesis, which endanger both ecological environment and human health 251961,
Anthropogenic VOC emissions emerge from a wide range of industrial processes, including crude oil and natural gas
exploration, petroleum refining and basic chemical raw materials manufacturing 24, Despite the immense amount of
research reported regarding MOF adsorbents, literature about the adsorption of VOCs on MOFs is relatively scarce. The
results regarding MOFs produced on industrial scale and commercially available are mostly summarized in Table 3.

Table 3. MOFs potentially suitable for adsorption of VOCs/28][22][100[101][102]

Adsorption capacity,! mollkg

MOF type Adsorbate (reported working conditions, T Reference
and p)?
acetone 8.30 (298 K, 10.83 kPa)
benzene 8.82 (298 K, 4.88 kPa)
toluene 3.77 (298 K, 1.44 kPa)
ethylbenzene 2.13 (298 K, 0.39 kPa)
MOF-177 [98]
m-xylene 1.92 (298 K, 0.33 kPa)
o-xylene 1.97 (298 K, 0.34 kPa)
p-xylene 1.78 (298 K, 0.32 kPa)
ethenylbenzene 1.61 (298 K, 0.23 kPa)
dichloromethane 3.40 (298 K, 44.70 kPa)
Al-fumarate [101]

trichloromethane 2.51 (298 K, 21.44 kPa)



1.64 (breakthrough,
UiO-66 toluene toluene/O/argon mixture, [102]
[toluene] = 1000 ppm, 298 K)

1 Where not explicitly reported in the cited papers, adsorption capacity values were extracted from plots using reverse
engineering software.

2 Where not explicitly reported, working conditions imply the collection of single-component adsorption isotherms.
3.3. Adsorption of fluorinated gases

Historically, another class of gas emissions that are considered extremely harmful for the atmosphere is that including
fluorinated compounds. In particular, chlorofluorocarbons (CFCs) constitute a serious threat to the stratospheric ozone
layer. During the last decades, the progressive substitution of CFCs with other types of service fluids in refrigeration
processes allowed to significantly recover the functionality of the planetary natural UV shield. Anyway, there are other
categories of fluorinated gases that should be considered highly dangerous for Earth’s atmosphere. Among them,
halogenated general anesthesia gases (HGAGs) represent an emerging threat due to their worldwide growing
uncontrolled discharge 123, Indeed, Cl-containing HGAGs (e.g., enflurane and isoflurane) are also classified as CFCs,
while sevoflurane, desflurane and (again) isoflurane are characterized by a global warming potential (GWP) that is three
orders of magnitude higher than that of CO, 224, Among the convenient technologies for handling emissions of HGAGS,
adsorption-based ones are recognized as the most effective 205l Indeed, non-metabolized anesthetic vapors can be
captured in canisters that act as adsorption mini-columns on the vent line of the breathing system connected to the
patient. Currently, studies about the potential use of MOFs for packing such canisters are quite rare. To the best of our
knowledge, the only paper that deals with this topic and that envisages the use of an already commercially available
adsorbent reported the sevoflurane (SF) adsorption properties of MOF-177 198 Despite the impressive SF adsorption
capacity and affinity showed by this material, its actual implementation as anesthetic scavenger is strongly undermined
due to the presence of moisture in the vent line of breathing systems .

In truth, the only MOF that proved to be practically suitable for HGAG capture is the chromium variant of MIL-101, which is
not currently available in large quantities as a commercial product. Indeed, MIL-101 showed a significantly higher SF
equilibrium adsorption capacity when compared to a reference adsorbent conventionally used for HGAG scavenging 24,
Moreover, when shaped and column-packed, MIL-101 revealed a much higher SF/H,O selectivity with respect to the
aforementioned reference adsorbent, which suffered of “roll-up” effects when the test column reached saturation 108]
Under the same dynamic conditions (which obviously include a significant presence of moisture in the feed), the same
MOF also showed a much higher performance stability when compared with the reference adsorbent after several
adsorption / desorption cycles 293 Unfortunately, as already outlined, such technologically-relevant results are not
destined to improve the performances of the HGAG scavenging systems used in operating rooms (at least for the
moment) due to the impossibility of large-scale MIL-101 supplies.

| 4. Conclusions

Regarding adsorption-based technologies for atmospheric emission control, there is a strong evidence of how MOFs are
still far away from passing their “graduation exam”. The wide gap between laboratory results and industrial implementation
is due to different factors. First, even when a MOF that performs well in a specific process (e.g., CO, adsorption) is
commercially available in large quantities, economic observations still make designers tend towards more traditional
adsorbents (e.g., zeolites, activated carbons). Indeed, the cost per mass unit of commercial MOFs basically is orders of
magnitude higher than that of other materials, whose industrial use is already well-established. Moreover, there are cases
(like adsorption processes for HGAG scavenging) in which a specific MOF remarkably outperforms currently employed
adsorbents, but it is not industrially produced, thus strongly limiting its possibilities of large-scale use. To overcome such
limitations, it is to be hoped that chemical industry will be able to provide more and more mass-produced MOFs at
increasingly competitive costs in the future.
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