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Fundamental aspects and actual developments of selective CO, capture from relevant sources (flue gas
or air) by reversible physisorption are critically reviewed. Thermodynamic as well as kinetic principles of
CO, adsorption in the presence of other gases are linked to current approaches of materials
development. Whilst hundreds or even thousands of porous materials have been evaluated for CO,
capture, research in this field is still full of challenges, as for instance a feasible physical adsorbent for
CO, capture for direct capture from air has still not been found. Current attempts towards the
optimization of materials in terms of CO, uptake/selectivity, regenerability, tolerance against water, and

Received 27th July 2017, cost most often exclude each other. The aim of this article is not to summarize all recent attempts
Accepted 11th October 2017 towards tailoring of materials for selective CO, capture but to discuss the most fundamental aspects of
DOI: 10.1039/c7ee02110k adsorptive CO, separation in order to illuminate the “sweet spot” to be explored when electronic

structure, polarity, and pore size/geometry are rationally balanced and optimized — just like nature does
rsc.li/ees when exerting selective binding of gases.

Broader context

The ever-increasing carbon dioxide concentration in the earth’s atmosphere is one of the fundamental problems of mankind in the 21st century. CO, contributes
to global warming and sooner or later the human body will also start to directly suffer from it. There is an urgent need to reduce the CO, level by capture at the
point sources of emissions such as coal-fired power plants and even capture from air is required to finally bring the CO, concentration to a non-critical level. The
major problem for CO, capture is its low concentration. Current technologies are based on strong chemical binding which is hardly reversible and usually comes
with high energy penalty. Physical binding by adsorption on nanostructured materials is a promising alternative but often suffers from insufficient selectivity over
other components present (e.g., N,, O,, H,0, SO,, NO,). Besides high selectivity, selective CO, capture sorbents have to fulfill numerous additional requirements
and a practically feasible adsorbent material has still not been found. This article is an attempt to illuminate the “sweet spot” to be explored by chemists and
materials scientists to rationally design such compounds, for example by mimicking the natural principles of CO, binding during photosynthesis.

Atmospheric CO, at Mauna Loa Observatory (B) annual mean growth rate of CO, at Mauna Loa

Introduction (A)

400

Scripps Institution of Oceanography
NOAA Earth System Research Laboratory

P
@

380

There is no doubt that the increase of CO, concentration in the
earth’s atmosphere is among the most critical problems for
mankind in the 21st century. CO, emissions clearly contribute
to global warming by the greenhouse gas effect. The CO, level 0
has increased from 280 ppm in the pre-industrial time to o 0 w1 20 20
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Fig.1 (A) Increase of the atmospheric CO, concentration measured
during 1958-2015 at the Mauna Loa (Hawaii). The red curve shows
seasonal fluctuations, the black curve represents seasonally corrected
stable emission in the next few decades.” Future trends are gata (B) Annual mean carbon dioxide concentration growth rates. Decadal

difficult to predict due to geopolitical uncertainties but it is for sure  averages of the growth rate are also plotted as horizontal black lines.®
that the human body will start suffering from CO, concentrations

expected to increase to at least 550 ppm in 2050, even assuming
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the oxygen level but the increase of CO, in the air that makes
us sleepy and forces somebody to open a window sooner or later.
Taking these points into consideration, reducing CO, emissions to
the atmosphere and achieving even “negative emissions” has never
been more urgent than at present.’

Reducing emissions by capture at stationary point sources
of emission (e.g., power plants) alone is expected to only slow
down the increase of CO, concentration in the atmosphere
and it is thus generally accepted that there is an urgent need
for technologies that can remove CO, at low concentrations,
in addition to capturing it at point sources.* Hence, direct air
capture appears to be a highly relevant scenario to reduce
atmospheric concentration®™” - if only in airplanes, submarines,
or closed rooms when beginning to implement the technology.
Currently, this is technically realized by “once only” chemical
absorbents, converting for instance Li,O or CaO into the corres-
ponding carbonates - a process which is highly effective but relies
on decentral reactivation of the materials.

Approaching more revisable multi-stroke processes, materials
with nanopores play or can play a crucial role because they can be
designed for not too strong (energy demanding regeneration) and
not too weak (low adsorption selectivity; low adsorption capacity)
binding.”** Significant progress has been achieved in this field
but more efforts are still needed. In particular, while most work is
focusing on sorption capacity, sorption selectivity is - as much
harder to address — usually less investigated, but represents the
application bottleneck.

In this short perspective article, we will report current
developments in the field of nanoporous materials for selective
CO, adsorption by physisorption. Thermodynamic as well as
kinetic fundamentals will be discussed and different aspects
that are crucial but often ignored in this field will be addressed.
It is the major aim of this article is to discuss fundamentals
of CO, separation with porous materials on some selected
examples and to discuss some current trends, highlights, and
possible guidelines rather than giving a complete overview of
materials reported for CO, separation. We will finally conclude
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with a personal view on the most important milestones that need
to be achieved in order to implement CO, capture with porous
adsorbents into novel sustainable technologies in the near future.

Methods for selective CO, capture

Among the different “cyclic” methods available for CO, separation,
absorption using aqueous amine solutions (also referred to as
“scrubbing”)'*'* is the most commonly applied technique for
industrial CO, capture and storage (CCS) schemes (e.g., CO,
removal from power plant flue gases).””"” Emissions of the green-
house gas to the atmosphere originating from power plants can be
significantly reduced but the separation capture alone increases the
energy consumptions of the plants by 25-40% and causes 70%
additional cost.® Further drawbacks of amine scrubbing include
equipment corrosion, solvent loss, amine degradation due to heat,
toxicity, and, most importantly, the high energy requirements for
regeneration resulting from its too strong binding to CO,."
Absorption (chemisorption) into solid materials such as
alkali metal ceramics, solid amines, layered double hydroxides,
or calcium-based adsorbents at high temperatures is another
possible method for CO, capture.”> However, the energy-
consumptive regeneration and the sensitivity of such materials
against H,O and other components still remain significant draw-
backs for this approach. From a thermodynamic perspective, such
methods seem to be more promising for long-term CO, storage
than for selective capture. Another method for CO, separation is
the use of polymeric or inorganic membranes which can filter the
gas selectively via different mechanisms but a membrane with
simultaneously high stability, selectivity and flux (i.e., a high space-
time yield of CO, separation) is not yet available."” In addition,
membranes have a notoriously poor selectivity, as they are based
on gas solubility only, which is a less discriminative effect.
Physical adsorption (physisorption) of CO, in porous materials
is an attractive alternative because the process is clean and
reversible, and has smaller energy requirements due to the lower
adsorption enthalpy in comparison to scrubbing. Gas sorption on
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Fig. 2 Relationship between the CO, capture cost and CO, selectivity/
working capacity of solid adsorbents.® Figure reproduced with permission
from Elsevier.

zeolites for gas separation has reached an industrial scale,”® e.g. for
0,/N, separation, so the practical engineering problems are essen-
tially solved. Research on nanoporous materials with tailored
properties for efficient CO, physisorption has accelerated over
recent years, including nanocarbons,”>'* metal-organic frame-
works (MOFs),%'>?472 zeolites,'**”~2° zeolitic imidazole frameworks
(21Fs),*® porous silica,**> and combinations of them.**?** The
standard optimization target of many groups is a high gravimetric
and volumetric uptake of pure CO, at high pressures, a figure of
merit coming from gas storage, but materials for selective CO,
capture have to provide other properties. The particular require-
ments for such adsorbents will of course vary with the respective
applications (as described in the next section) but some general
necessities can be drawn as follows. (i) High selectivity for CO,
adsorption over the other components present in the gas mixture,
(ii) high CO, working (adsorption) capacity between the conditions
of regeneration and adsorption, (iii) mild conditions for regenera-
tion (usually induced by pressure- or temperature swings), (iv) high
stability and resistance against impurities and moisture, and (v) fast
adsorption kinetics. Next to low energy requirements for regenera-
tion, especially high selectivity and high working capacity seem to be
important to replace costly amine scrubbing or cryogenic distillation
by adsorption on solid surfaces (Fig. 2). Significant enhancements
have been made in tailoring of porous materials for efficient CO,
capture by selective physisorption as described later but we are still
far from a possible competitive binding of CO,, say from the
atmosphere. Present attempts and promising directions for
future research will be discussed in the following.

Relevant scenarios for selective CO,
capture

In general, three different scenarios seem to be relevant for
CO, separation from other gases. All of them require the use of
adsorbents which are stable under the respective environments
and selective towards adsorption of CO, over the other components
with high uptakes.

This journal is © The Royal Society of Chemistry 2018
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On the one hand, there is huge interest in separating CO,
from CH, during (“pre-combustion’) purification of natural
gas (typically 75-90% CH, with ~8% CO, and ~5% N, at an
overall pressure of ~ 5 bar) and landfill gas (1: 1 mixture of CO,
and CH, at ~1 bar) but this is a problem well treated with
current materials and not within the scope of this short review.

Secondly, the separation of CO, from nitrogen is an essential
step in power plant (“post-combustion”) flue-gas purification.
Flue gases typically contain 3-15% CO, and more than 70% N,.°
Other important (but in academic research often ignored)
components are H,O and O, which can account to 5-7% and
3-4% of the flue gas, respectively.” Depending on the feedstock
of the power plant, molecules like SO,, NO,, and H,S as well
as gaseous organic compounds are other possible trace compo-
nents which could affect the CO, selectivity and also the struc-
tural stability of the adsorbents during CO, removal. CO, has to
be separated from this mixture typically at ~1 bar and tempera-
tures of 313 K or slightly above.

The third important (but so far comparably less considered)
scenario is the direct capture (DAC) of CO, from air.**?* CO, is
abundant everywhere on earth and point sources of emission
are accounting only for one third to half of the anthropogenic
CO, emissions. Direct air capture (DAC) can contribute to a slower
increase or even a decrease of the atmospheric CO, concentration,
especially if applied in closed spaces such aircraft and thermally
too well insulated homes.” So far, DAC seems only promising
when based on strong adsorption (chemisorption), most often on
amine-rich materials.>*> However, just like for the previous cases,
energy consuming regeneration and especially co-adsorption of
H,0 and O, from air remain serious problems for this technology.

Despite some promising attempts, a DAC process has not been
operated on a large scale so far and in the current (materials)
scientific literature, it is less visible as compared to CO, capture
from the point sources of emission.>>*® The reason for that is
simple: the removal of CO, from air at very low concentrations
(~400 ppm) comes with high selectivity of CO, over N, and O,,
with O, being potentially even the more challenging subject.
In air, the O, concentration is obviously more than 500 times
higher than the CO, concentration, i.e. a material that can bind
one molecule of CO, per molecule of oxygen would have a CO,/O,
selectivity of 500 (and a CO,/N, selectivity of even 2000) according
to the ideal adsorption solution theory (IAST) described below.
This is typically at least one order of magnitude beyond all
capabilities of current adsorption materials. Together with the
dangerous handling of elemental oxygen this is the main reason
why such important research on competitive CO,/O, adsorption is
so rare to be found in the materials chemistry literature. However,
although it can and should not be generalized that a material with
a high CO,/N, selectivity has a high CO,/O, selectivity at the same
time, the trends are usually going in the same direction if there
are no kinetic limitations present (Fig. 3A). Hence, it can be
concluded that CO,/N, selectivity can be seen as a representative
value to estimate CO,/O, separation.

Reframing the apparently hopeless selectivity problem within a
broader perspective, we however can identify the unexploited
opportunities in the field. Nature provides us an impressive

Energy Environ. Sci., 2018, 11, 57-70 | 59
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Fig. 3 (A) CO,/CHy4, CO,/N,, and CO,/O; selectivities of different zeolitic

imidazole frameworks (ZIFs) showing that the CO,/N, and CO,/O, selec-
tivities follow the same trends.>® (B) CO, capture in the active site of
rubisco.?® (A) Reproduced with permission from ref. 30. Copyright (2009)
American Chemical Society.

example for an efficient CO, capture mechanism at a “low
concentration” of ~400 ppm: plants need to feed themselves
from such a diluted source, and every gram of generated biomass
is produced from previously bound CO,, summing up to the
impressive scale of 60 Gt carbon per year. Speaking on a geo-
historical scale, today’s plants have to carry out photosynthesis at
a comparably low CO, level, but the Ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) still allows for efficient CO,
fixation of photosynthetically active plants.’”*® Resulting from
evolutionary adjustment to current conditions, Rubisco is heavily
overexpressed and the most abundant protein on earth with about
10 kg of this “adsorption material” per human. Even though
the protein is also active for the oxygenase reaction leading to
photorespiration,® it shows an IAST CO,/O, selectivity of ~1500
with three molecules of CO, bound per molecule of oxygen - a
value that remains a challenge for any synthetic material to date.
It seems that this outstanding selectivity of CO, capture in the
presence of O,, N,, and H,O is based on synergistic effects
between a Mg®>" metal site and the amino group of lysine
(Fig. 3B).*® This mechanism developed during millions of years
by nature for efficient CO, capture may serve as an inspiration
to create similar, but potentially even more effective sorption
materials. For illustration: a binding of one CO, molecule per at
least 52000 mass units and the rather poor dynamics would
indeed be difficult to accept from a technical system.

Fundamental aspects of selective CO,
physisorption
Thermodynamic principles

Unlike CO, storage at high pressures in porous materials which
is dominated by adsorbate-adsorbate interactions,*" selective
capture at low pressure and low CO, concentration is dominated
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by adsorbent-adsorbate interactions and specifically a strong
chemical affinity to CO,.°

In a first approximation, adsorption of gases at solid inter-
faces is nicely described by the Brunauer-Emmett-Teller (BET)
model,** with specific surface area and apparent free adsorption
enthalpy as the key parameters. Neglecting specific chemical
bonds and considering only van der Waals interactions, adsorp-
tion enthalpy is proportional to the polarity/polarizability of both
the sorption material and the sorbent. A more polar sorption
material is thereby always and for all molecules a better sorbent,
with selectivity however then only controlled by the difference of
polarity of the sorbents, which makes van der Waals interactions
not very discriminative. CO, has a polarizability of 26.3 x
1072° ecm® which is only ~50% higher as compared to N,
(17.6 x 107%® c¢m?®).” The quadrupole moment of the CO,
molecule (13.4 x 107*° C m?) is a little higher than that in N,
(4.7 x 107*° C m®) (Fig. 4A), but also this only adds slightly to the
interaction at regular surfaces. Although commonplace, these
fundamental facts are always worth remembering.

A second structural trigger is pore size. The BET model just
knows flat surfaces, but molecules really fitting in a pore
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Fig. 4 (A) Electrostatic potentials of CO, and N, mapped against the iso-
electron density value of 0.005 a.u.’ (B) N, (77 K, left) and CO, (273 K, right)
adsorption/desorption isotherms on carbon adsorbents with different
micropore sizes. At low pressure, more CO, can be stored in the more
narrow micropores.*> (C) Representative CO, adsorption isotherms of 2
materials with similar uptake at 1 bar but different CO, working capacity
(i.e., different gaps in CO, uptake between adsorption and regeneration
conditions). (A) Reproduced with permission from the Royal Society of
Chemistry.
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have higher contact areas and thereby stronger polarization
interactions. Beyond that, there is the ‘“molecular sieve effect”:
a pore must be large enough to host the adsorbate, else this
surface area is simply not accessible. This is later discussed as
“kinetic principles”. There is a notable difference in diameter
between CO, and the competitors, and “molecular sieving” can
clearly contribute to the CO,/O, and CO,/N, problems. The
pore size is - because of this “fitting” effect — a massive source
for potential selectivity, as for instance known for hydrated ions
adsorbed in carbon pores in the presence of electric charge
(also known as “ion sieving”).****

For CO, capture, pore size engineering is a generally
accepted operation (Fig. 4B).>"*>™*" A large volume and surface
area of pores with sizes of 0.5-0.7 nm or even below (also
referred to as ultramicropores) should be present because they
have a larger adsorption potential for CO, as compared to larger
supermicropores (0.7-2 nm) or mesopores (>2 nm). Beyond
that, it should not be overlooked that the adsorption potential
for other trace gases (especially O, and H,0) also increases at
lower pore diameters. Furthermore, adsorption enthalpy in van
der Waals systems is usually still so low that selective CO,
capture at ambient temperatures saturates at partial pressures of
0.1-0.2 bar CO,, ie. because of dynamic processes the working
load is low. For running a cyclic process, the difference in uptake
between sorption and regeneration conditions is in fact more impor-
tant than a high uptake at higher pressures or low temperatures.
In other words, a more convex/upwards-curved shape of a CO,
adsorption isotherm is to be preferred (Fig. 4C). If such a cyclic
process is intended to be driven by a temperature change instead, a
high apparent sorption enthalpy is beneficial again.

To adsorb a gas from 400 ppm to bulk density, the entropy
work to bring up is around 19.5 k] mol ', ie. this is the
minimal heat of adsorption to drive the process at all, but also
the minimal energy lost in a cyclic process, independent of
the optimization of heat management. This loss is in reality of
course by a factor higher and the substantial cost factor to drive
a CO, collection machine, including running Rubisco for the
plants. As thermal energy under ambient conditions is around
2.5 k] mol™" and as one wants to have the gases sufficiently
bound on the surface (say by 4k7) the overall free energy of
binding should be around 30 k] mol~* minimum, with higher
energies of course driving faster processes, but also involving
higher caloric heat losses.

A similar consideration holds true for selectivity in the
thermodynamic limit: a selectivity of 1500 corresponds to a
difference of 18 kJ mol~* between the two sorption enthalpies
of the cases, e.g., if O, binds with 30 k] mol *, CO, should bind
with 48 k] mol " to enable a Rubisco-like binding. This is well
beyond the limits of a van der Waals attraction (see above), and
this is why selectivities of around 30 (CO,/N, and CO,/O,) are
typical for materials solely based on such mechanisms, even for
well selected MOFs or ZIFs (Fig. 3A). In consequence, methods
to introduce specific chemical interactions between sorbents
and sorbates are required. Functionalizing adsorbents with
polar sites (e.g., polar functional groups, polar atoms doped
in the material, or extra framework ions) is widely applied to

This journal is © The Royal Society of Chemistry 2018
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48752 The classical solution of an amine

increase CO, selectivity.
group which forms a carbamic acid with CO, enables adjustment
of specificity dependent on amine base strength, but as typical
H-bridge energies lie in the energy range between 18-29 kj mol %,
other possibilities can be considered to increase the affinity
between adsorbent and adsorbate. Some “sweet spots” combining
binding energy with geometry are already found for different
classes of materials, and they all have a highly polarizing character
of the sorbents in common.”*">

One remarkable example is metal-organic materials with
coordinative saturated metal centers and periodically arrayed
hexafluorosilicate (SiFs>~) anions (denoted as SIFSIX).*®>°
SIFSIX materials combine high charge density and optimal
pore size with potential fluorine bonds and are thus optimized
for CO, adsorption from a kinetic (pore size) as well as a thermo-
dynamic (polarizability) perspective (Fig. 5). SIFSIX (although with
anionic counterion) are thus mimicking the capture mechanism of
Rubisco based on multiple binding sites. High CO,/N, selectivity
of more than 2000 in combination with CO, uptake as high as
1.24 mmol g at 400 ppm (Table 1) of these materials is a logical
consequence of this.*® Even though the MOFs have a very high
heat of adsorption (Table 1 and Fig. 5D) for CO, of even more than
50 kJ mol " (that would be considered to be deep in the range of
chemisorption), it is fully reversible without structural change in
the material likely due to the multiple binding sites that individu-
ally contribute to the heat of adsorption as it is also the case for
zeolites.

Another example for such bio-inspired CO, capture was
recently reported by McDonald et al. who used a series of a
diamine-appended metal-organic frameworks as “phase change”
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Fig. 5 (A) Structure model of a 3 x 3 x 3 box of unit cells of SIFSIX-3-Zn
revealing close interactions between the (electropositive) carbon atoms of
CO, molecules and fluorine atoms of SIFSIX anions. Carbon atoms are
displayed in grey, hydrogen in white, nitrogen in blue, oxygen in red, silicon
in yellow, fluorine in green and zinc in purple. (B and C) CO, sorption
isotherms of SIFSIX-2-Cu-i and SIFSIX-3-Zn at different temperatures and
(D) corresponding heats of adsorption (Qg) in the low pressure region.>®
Figure reproduced with permission from Nature Publishing Group.
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adsorbents that are able to adsorb CO, by cooperative insertion of
the gas into the metal-ligand bonds of the framework.>® It has
been found that the cooperative mechanism is based on a chain
reaction that leads to a one-dimensional line of carbamates in the
frameworks and thus very sharp (step-like CO,) uptake. The sharp
increase in CO, uptake comes with the advantage that large CO,
working efficiencies can be achieved with small temperature
swings and low regeneration energies are approachable. Even
more interestingly, the investigation of various metal centers in
the MOFs showed that magnesium-based materials show a parti-
cularly high CO, affinity, likely because of their structural simila-
rities to Rubisco. However, the CO,/N, selectivity is presumably
remaining limited by the strong affinity of such high specific
surface area materials to N,.

In this type of material, H,O however is an even more
serious problem to tackle than the competing gases present
in higher concentration. The H,O molecule has a dipole
moment, can donate and accept H-bridges, and has a smaller
kinetic diameter than CO, (see section below) and thereby
interferes with CO, binding by blocking adsorption spots in
highly polar materials. This will decrease the CO, selectivity
of materials under practical conditions. Production cost and
general stability against water are facts that should also never
be neglected in this context and remain serious issues, especially
for zeolites (CO,/H,O selectivity) and MOFs (CO,/H,O selectivity
and stability).

Novel attempts were also reported by Patel et al. who
designed “N,-phobic” covalent organic polymers (COPs) by
introducing azo-groups into the pores that reject N, (Fig. 6A
and B),”” or by Han and co-workers who fluorinated a covalent
triazine framework (CTF) to make it more water tolerant
(Fig. 6C).°® Such trials indeed widen current thermodynamic
limitations of selective CO, capture.

Kinetic principles

Besides pore size engineering and implementing structure
motifs providing specific interactions with CO,, another way
of achieving selective separations is size exclusion, also widely
referred to as ‘“molecular sieving”. Theoretically, an adsorbent
with a “pore size” larger than the kinetic diameter of CO, (3.30 A)
but smaller than the one of N, (3.64 A) or O, (3.45 A) could “sieve”
the greenhouse component from other major components of flue
gas or air. A real CO, molecular sieving has still not been realized,
or, in other words, all materials employed for CO, capture so
far have a significant BET surface area, often with more than
1000 m* g~ " apparent specific surface area accessible for nitrogen
at —196 °C, thereby providing classical sorption on top of
potential sieving (Table 1). In such situations, the selectivity is
of course dominated by the less selective process, which is always
van der Waals adsorption. The main difficulty seems to be the
very close kinetic diameters of the molecules involved, but we will
not exclude the potential existence of such a system, e.g. based on
zeolites or MOFs, which have uniform pores often in the relevant
size range and strong binding to CO, and are thus promising
“molecular traps” for CO,.>® Finally, water remains a problem for
this approach as well because it has an even smaller kinetic
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Fig. 6 (A) Syntheses of different azo-COPs by reacting tetrakis(4-
nitrophenyl)methane with different aromatic amines and (B) geometry
optimized minimum energy structures of CO,/trans-azobenzene and
N,/trans-azobenzene complexes with the associated binding energies
(BEs).>” (C) Non-fluorinated (left) and fluorinated (right) covalent triazine-
based frameworks synthesized by trimerization of terephthalonitrile and
tetrafluoroterephthalonitrile.®® (A) and (B) Reproduced with permission
from Nature Publishing Group. (C) Reproduced with permission from the
Royal Society of Chemistry.

diameter (2.65 A) as compared to CO, and hence any attempt to
tailor the “pore space” for CO, adsorption will increase the
affinity towards water at the same time.

Another important aspect that must be considered in the
context of adsorption kinetics/pore diffusion is the rate of
adsorption. In pores that are close in size to the kinetic
diameter, adsorption of CO, and filling of the entire pore space
will become increasingly slow. For instance, it is widely known
that this becomes an issue in the narrow pores of zeolites
during gas filtration and catalytic processes. Usually, attempts
to overcome this involve introducing additional transport
pores.®® However, for selective CO, capture it should be kept
in mind that the additional surface area created by such pores
to enhance transport will decrease selectivity at the same time.
It remains a question how much volume and which size of “trans-
port pores” is necessary to fully utilize the entire volume of narrow
pores for CO, capture in a reasonable time. From a technical point
of view, the answer to this will be dictated by the characteristics/
conditions of the adsorption process (temperature, CO, pressure,
other gas components, and contact time with the adsorbent).

Methods of selectivity determination

If an adsorbent material is evaluated for selective CO, capture
(e.g, from flue gas), the main properties to be determined are the
CO,/N, selectivity, the CO, working capacity (i.e., the difference in
CO, capacity between adsorption and regeneration conditions),
heats of adsorption for the relevant components, adsorption
kinetics, tolerance against water, cycling stability, and energy
requirements for regeneration.
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Fig. 7 (A) Single CO, and N, adsorption isotherms of a microporous
carbon material fitted with a dual-site Langmuir—Freundlich model and
(B) calculated IAST selectivity for a range of total pressures (0-110 kPa) at a
molar CO,/N, ratio of 1/9.° Figure reproduced with permission from the
Royal Society of Chemistry.

The most widely applied method for determination of CO,/
N, selectivity of porous adsorbents is the ideal adsorption
solution theory (IAST) method (Fig. 7).°" In IAST theory,
the adsorbed phase is seen as an ideal solution that is in
equilibrium with the gas phase and CO,/N, selectivity (as well
as CO, working capacity) can be predicted after determining
the equilibrium adsorption capacity at a specific pressure and
temperature from single gas adsorption results. Two important
points in terms of measurement practice are that it should be
made sure that the volumetric isotherms are always measured
in equilibrium (especially if materials with very narrow pores
and thus potential diffusion limitations for CO, and/or N, are
investigated) and that the materials are sufficiently activated
prior to the measurements. The isotherms of each single adsor-
bate can be fitted or not and the selectivity (S) of CO, relative to N,
can be calculated with the following equation where x is the mole
fraction of CO, or N, in the adsorbed phase and y is the mole
fraction in the gas phase:’

S& = XCo, /xNz - Vo, /yNz (1)
N
An alternative method by which the selectivity can be calculated
from single component isotherms is the so called Henry’s law
selectivity. In this model, the selectivity is calculated based on the
Henry’s constants (Ky) of the gases according to:

S@ = Ky (COz)/KH (Nz) (2)

For this method, it should be kept in mind that the ratio of the
Henry’s law constants will reflect the real mixture selectivity only
at very low pressure and low loadings on the adsorbent.®®

The major practical advantage of the IAST method and the
Henry’s law method is that one can estimate the separation
performance of an adsorbent simply from the volumetric
single-gas adsorption isotherms and hence no special equipment
is needed to perform mixed-gas separation measurements.
However, such “breakthrough” measurements in a fixed bed reactor
(Fig. 8) are much closer to the actual practice of gas purification
and many examples show that the selectivity predicted from IAST
can differ drastically from real mixed-gas separation because
the latter is carried out under kinetic flow conditions, often under
non-equilibrium settings.>® Furthermore, the regenerability/cycle

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (A) Schematic of a packed bed adsorber filled with MOF adsorbent
for mixed-gas breakthrough experiments.?* (B) Column breakthrough
experiment for a CO,/N;:10/90 gas mixture (298 K, 1 bar) carried out
on SIFSIX-2-Cu-l and SIFSIX-3-Zn>% (C) 5 successive breakthrough
experiments on a perfluorinated covalent triazine-based framework upon
repeated regeneration (the elution curves of CO, and N, are displayed in
red and blue, respectively).>® (A) and (B) Reproduced with permission from
Nature Publishing Group. (C) Reproduced with permission from the Royal
Society of Chemistry.
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stability (especially in the presence of H,O) can hardly be evaluated
using a volumetric adsorption instrument but become accessible
with mixed gas breakthrough measurements. Furthermore, some
important engineering aspects such as particle size influence on
backpressure of the column or heat management issues can be
modelled in such setups but are not accessed by volumetric
measurements.

In a typical breakthrough experiment, the adsorbent to be
evaluated is activated and packed into an adsorption column at
controlled temperature. A gas mixture (e.g,, N, and CO,) of
specific composition is flown through the column at a defined
rate and the gas composition at the end of the reactor is
measured by gas chromatography or mass spectrometry.
The amount of adsorbed gas (g) can be calculated from the
adsorption time (¢), the inlet flow rate of the specific gas (F,),
the outlet flow rate of the specific gas (Fou), the dead volume of
the adsorption system (Vgeaq), and the mass of the adsorbent
(m) according to:’

q= Fin -t = Viead — féFoutd[ (3)

m

From this, the CO,/N, selectivity (or the selectivity of CO, over
other test gases as well) can be calculated by the following
equation where y represents the mole fraction of the particular
gas in the feed gas stream:

S% = qco,/yco, - 4N, VN, (4)

2

It is needless to mention that such measurements should
always be performed under conditions which are as close
as possible to the conditions of CO, capture from air or flue
gas especially with regard to temperature/pressure and the
presence of H,O and O,.

This journal is © The Royal Society of Chemistry 2018
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Physical adsorbents for selective CO,
capture

By far too many porous materials have been analysed for
selective CO, capture to be able to provide a complete overview.
A summary of selected examples can be found in Table 1. Each
of the selected materials have their particular advantages and
disadvantages, depending on the specifications of the gas
mixture CO, has to be removed from as well as the temperature
and pressure during adsorption. The contact time and diffu-
sion issues in dynamic processes are also relevant. The aim of
this section is to give a short general summary rather than a
comprehensive overview of some recent advances made in
materials design for CO, capture and to illuminate the border-
line between materials chemistry and fundamentals of selective
CO, capture described above.

One of the most widely applicable classes of materials for
CO, capture is zeolites."”**>%®* Zeolites combine high adsorp-
tion capacities at ambient pressure with high thermal stability
reaching up to 600 °C. They provide many possible “internal
regulating screws” to tune their affinity towards CO, such as
the framework pore size/pore geometry, the Si/Al ratio, or the
sort and distribution of the cation balancing the negative
charge of the Si/Al framework to mention a few. Zeolites
generally have very high CO, uptakes at low pressures due to
their basicity and the polar fields in their cavities. It is a general
trend that zeolites with a low Si/Al ratio are promising CO,
adsorbents because they have a higher number of extra-framework
cations that can promote adsorption by charge-quadrupole
interactions.®* In contrast, different trends are observed in terms
of the sort of cation present. Some researchers find a more
thermodynamic influence (i.e., stronger or weaker basicity)®® whilst
others report kinetic influences as well.*® One general advantage of
zeolites is their very narrow pore size distribution and, even more
importantly, size of the pore mouths, which potentially enables
kinetic separation between CO, and other gases leading to high
selectivity.”® Furthermore, much experience is available on how to
shape these materials into monoliths/shaped bodies,” and
membranes,®” most likely because of their excessive use in catalytic
processes. This can potentially facilitate their applications in the
field of CO, capture under practical conditions. A disadvantage of
this narrow porosity can be slow CO, capture and the impossibility
to modify the pore space with further guest species. The major
disadvantage of zeolites is their weak CO, capture performance if
the gas mixture contains water. Water will preferably interact with
the cations due to the strong metal-dipole interactions, making
part of the internal porosity unavailable for CO, capture and
reducing the strength and heterogeneity of the internal electric
field which made the materials so attractive for CO, capture.*

MOFs are a class of porous materials with comparable or
even better characteristics (i.e., high surface areas and uniform
micropore size) but far lower stability against heat and water
when compared to zeolites. These organic-inorganic hybrid
materials can reach ultrahigh specific surface areas and
(micro)pore volumes®® and they can exhibit remarkable structural
flexibility®>”° which can lead to unique adsorption properties.”"”>
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Hence, MOFs are a class of materials which is excessively studied
for selective CO, capture and gas adsorption/separation in
general.””* They can be modified with amine groups*® or contain
open metal sites’”> which can increase their CO, adsorption
affinity and their pore size can be tailored over a very broad
range. Their structural flexibility can be used to trigger CO,
adsorption as well.”*”® Some MOFs exhibit remarkable thermo-
dynamic and kinetic properties for CO, separation. One impressive
example is the metal-organic materials with coordinately saturated
metal centers and periodically arrayed hexafluorosilicate (SiFe>")
anions (denoted as SIFSIX) already discussed above.>*> SIFSIX
materials combine high charge density and optimal pore size and
are thus optimized for CO, adsorption from a kinetic as well as a
thermodynamic point of view.

Cooperative mechanisms of CO, binding as present in
SIFSIX or the diamine-appended MOFs described above>®
surely benefit from the crystalline nature of those materials.
MOFs and zeolites also allow computational studies. Reliable
modelling allows rapid large-scale screening and evaluation/
prediction of materials for CO, capture, mainly addressing high
working capacities by screening of literature and databases.®>”* ™!
However, the low stability in the presence of water and at increased
temperatures remains a serious challenge for MOFs in gas separa-
tion processes and many researchers currently try to overcome this
drawback.®” Due to their high micropore volume and specific
surface area, most MOFs appear to be more suitable for high
pressure storage of CO, than for selective capture.

Another widely known class of porous materials which is
often applied in the field of adsorption is mesoporous silicas.
Such substances stand out due to their high pore volume and
widely shapeable pore size/pore geometry. Their most obvious
advantage is the tunable surface chemistry.®* Pristine meso-
porous silicas seem to be not very attractive for CO, capture due
to their relatively large pores and acidic surface with low affinity
to CO,. However, silanol groups can be easily functionalized
with different kinds of amines or other compounds with high
affinity to CO, by chemical coupling or simple impregnation
and this leads to silicas with very high affinity towards CO,.>**
The high volume of open mesopore space can balance the
decrease of the pore volume induced by the guest species and
still provides sufficient space for CO, capture. The problems of
energy-consuming regeneration and high affinity to water still
remain but this method allows for “dry amine-scrubbing” on
the nanoscale and is thus also attractive for DAC.> However,
it should not be overlooked that such modifications will make
the adsorbent significantly more expensive at the same time.

Porous carbon materials (e.g., activated carbons, templated
carbons, or their combinations) are likely the most widely
studied class of materials for CO, capture.®®"®” They have the
greatest potential for commercial use due to their high thermal
and chemical stability (for example against water), comparably
low cost, and potentially sustainable synthesis from renewable
sources.?>®®% In contrast to the classes of materials discussed
above, most amorphous carbons do not have a purely mono-
modal pore size but a narrow distribution is still approachable.
Even a purely microporous carbon has smaller and larger pores
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in most cases with the smaller ones being more efficient for
CO, adsorption and the larger ones providing rapid access
to these adsorption sites. The mean pore size can be tailored
for best performance in CO, adsorption. As for zeolites, the
possibility of straightforward shaping of carbons into well-defined
bodies is another advantage for their practical application.>*>**

However, in comparison with MOFs or zeolites, pure carbon
is less polar and thus provides as such weak affinity to CO,.
For example, commercial activated carbon Norit R1 has a very
high specific surface area but a low IAST CO,/N, selectivity
<5.%% This general drawback can be overcome by introducing
heteroatoms (most often nitrogen, sometimes other elements)
into the carbon framework or functional groups on the
surface.”*°® Many studies confirm that carbon materials with
a high nitrogen content (N-doped carbons or porous carbon
nitrides) are favorable for CO, capture due to an increase of the
heat of adsorption (Fig. 9).>>>*°>°7%% Recent theoretical studies
on C;N, materials even revealed that not only polar sites but a
real Coulomb charge within the carbon framework can increase
the CO, uptake even further.”®

Functionalization of the carbon pores with alkali cations
can further enhance basicity and polarizing ability of the
adsorbents and thus enhance CO, capture properties.*’ The
beneficial effect of a highly polarizing pore surface on selective
CO, capture is further underlined by recent findings of
Landskron et al. who have found that CO, can be stored in a
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Fig. 9 (A) Various nitrogen species in N-doped carbons® and (B) change
in the isosteric enthalpy of CO, adsorption with nitrogen content for
nitrogen-doped polypyrrole-based porous carbons at a surface coverage
of ~0.6 mmol g’1.92 (A) Reproduced with permission from the Royal

Society of Chemistry. (B) Reproduced with permission from Wiley.
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electric double-layer between a charged carbon surface and
different electrolytes'®”'°* and by other experimental and
theoretical studies indicating the apparent secondary effects of
highly polarizing pores/surfaces on CO, capture properties.>*?%1%

It is our belief that the combined possibilities of pore size
engineering, functionalization of surfaces, the possible appli-
cations of electric charge by internal structure motifs or by
external stimulus, and especially the stability in the presence of
water render carbon-based adsorbents most promising for
selective CO, capture among the various families of porous
materials studied for this purpose in the near future.

In general it seems that many reported improvements in one
crucial property of materials that is important for efficient CO,
capture are always at the expense of others. Interestingly, the
width of the currently available data already allows “statistical
data mining” and the search for descriptors standing behind
observed high CO, selectivities. With a look at the “compressed
data” of reported samples shown in Table 1 it can be seen that
there is no correlation between the CO, selectivity and the
adsorption capacity (Fig. 10A) at 1 bar, and also no anti-
correlation. In contrast, a much clearer relationship between
the CO, uptakes at pressures of 0.1-0.15 bar and the CO,
selectivity is observed (Fig. 10B) which discloses the thermo-
dynamic fundamentals of selective CO, adsorption, i.e. specific
adsorption sites with strong affinity to CO, are those which are
very small, being active already at very low relative pressures.
Hence, the uptake of gas at 1 bar is a relatively meaningless
number for selectivity determination. Most excitingly, there is
an obvious ‘“negative correlation” between specific surface area
and the CO, selectivity for almost all samples of similar
families of materials that are considered in Table 1 (Fig. 10C).
Obviously, there is competition of very special pores with high
CO, selectivity with the “ordinary” specific surface area which
is — due to the above discussed reasons - less selective. In other
words: an excess of unspecific sorption on top of a more
selective sorption simply spoils selectivity, and the statistical
analysis points to a “two-site sorption model” being relevant
for all samples under analysis. The beneficial selectivity can
obviously only be harvested in special, presumably very small
pores which add up sufficient polarization forces over a three
dimensional interaction surface to ensure efficient binding of CO,.

The ultimate goal for selective CO, capture would be a
CO,/N, molecular sieve with low surface area accessible
for nitrogen adsorption, but a high possible polarization of
CO, provided by enzyme-like “pockets” with multiple binding
contributions to keep the adsorption strong but reversible, and
high structural stability in the presence of water.

Conclusions and outlook — future
milestones

The technical realization of selective CO, capture from relevant
sources (flue gas or air) is certainly not solely dependent on the

development of chemistry and physics of adsorbent materials.
Engineering, heat management, cost, safety issues, and many
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more aspects have to be considered to establish efficient CO,
capture. However, development of adsorbent materials is the
key step preceding all other activities and holds the greatest
potential for improvements.

Although punctual findings and improvements have been
achieved for selective CO, adsorption at low concentrations,
it must be concluded that progress in the field remains
incremental. The quest for ever-higher CO, capacity at 1 bar
will surely not lead to improved materials for selective capture
of the molecule for which we need a solution most urgently.
Some thermodynamic and structural sweet spots have been
detected in recent years but we will only be able to mimic
natural principles of CO, fixation if a real “paradigm change”
is addressed. Here are some of the general milestones we
foresee:
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(1) As it was pointed out by statistical data analysis, CO,
binds most selectively in pockets or slit pores of an appropriate
size which can only be unfavorably entered by other gases.
If an adsorbent with such a “pore size” can be designed that
provides sufficient affinity to CO, (e.g., due to Rubisco-like
binding sites), even structural changes with an activation
barrier could be considered. From lithium ion battery anodes,
we know that minor electric potential allows for reversible
lithium intercalation. Transferred to gas adsorption, such an
“intercalation mechanism” would indeed open the door
towards non-classical gas adsorption. It is our belief that the
solution for selective gas adsorption will be located in spaces
that we so far do not even consider as being pores.

(2) After some completely unexpected adsorption pheno-
mena were investigated recently with soft/flexible materials,”®”>
it seems to be becoming a promising goal to strive for adsorption
mechanisms in which it is not the CO, which responds to the
adsorbent structure but where the adsorbent responds to the CO,.
As one example, ionic liquids or polymerized ionic liquids'®*'%
generally allow for such hyperbinding states, e.g., CO, can be
stored in between the single structural units (“pores”) of the
liquid which assembles in a thermodynamically stable state in
response to the presence of the gas. This of course crosses the
border to absorption processes. If such mechanisms could be
adapted to nanoporous systems, fundamentally new concepts in
selective gas adsorption would become addressable, such as
liquid-supported co-adsorption, which (by choice of appropriate
polarities of the solvent) could even break the water problem by
the secondary interactions.

(3) Such principles will of course lead to very strong binding
of CO,. But where does reversible physisorption end and
irreversible chemisorption begin? It is often stated that a high
adsorption enthalpy of CO, is not attractive because it will
increase the energy demand for adsorbent regeneration. Can
CO, adsorption on an “artificial Rubisco” still be reversible if
we approach apparent CO, adsorption enthalpies of 50 k] mol *
or more? Here nature has also found a solution which is known
as “multipodal” binding. Biological adsorbents can bind one
guest species at different positions from different directions with
different interactions (just like Rubisco does with CO,). While the
sum of all adsorption processes shows very high (apparent)
adsorption enthalpy which would be hardly reversible, it is just
the sum of many single adsorption events taking place at different
sites with each of them being still reversible and can be resolved
one-by-one in a sequential fashion (like the fingers of a hand
grabbing an apple). To our opinion, an ideal adsorbent will
provide multiple diverse interactions with the guest molecule.
SIFSIX MOFs are an impressive example here with highly selective
but at the same time fully reversible binding of CO, due to a high
adsorption enthalpy which is likely the sum of multipodal
binding.

(4) Due to the not too different thermodynamic principles of
CO, and H,O0 adsorption, water co-adsorption for separation of
CO, from flue gas or air will remain a serious problem for most
adsorbents with regard to keeping a high selectivity over a long
time. Reframing the problem from another perspective, it can
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even be speculated that water molecules within a narrow pore,
via a refined solvent effect discussed above, can provide addi-
tional adsorption sites for CO, in a mechanism comparable to
clathrate formation which is widely studied for CH,"°"'°® but
by far less investigated for CO,,'” although water and CO,
form carbonic acid with an appropriate weak enthalpy of
formation. Turning water from an interfering agent to a necessary
cofactor is certainly in line with a biomimetic approach.

As a final point, there is no obvious reason why the principles
as described should not be adaptable to capture and storage of
gases with low polarizability and coupled low apparent adsorption
enthalpy, such as hydrogen or helium. When we stop thinking in
“van der Waals attraction” schemes and move forward towards
combinations of hydrogen bonds and electrostatic interactions
between adsorbent and adsorbate within size-optimized “pores”,
then even storage and separation of the so-called inert gases may
not remain science fiction.
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