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Recent Advances of Porous Solids for Ultradilute CO, Capture

LIU Ru-Shuai, XU Shuang, HAO Guang-Ping™ and LU An-Hui*

he urgency of dealing with global climate change caused by

greenhouse gas(GHG) emissions is increasing as the carbon

dioxide(CO,) concentration in the atmosphere has reached a
record high value of 416 ppm(parts per million). Technologies that
remove CO, from the surrounding air(direct air capture, DAC) could
result in negative carbon emissions, and thus attracts increasing
attention. The steady technical progress in adsorption-based CO,
separation greatly advanced the DAC, which largely relies on
advanced sorbent materials. This review focuses on the latest
development of porous solids for air capture; first discussed the
main types of sorbents for air capture, which include porous carbons,
zeolites, silica materials, and metal-organic frameworks(MOFs),
particularly their modified counterparts. Then, we evaluated their
performances, including uptake and selectivity under dry and humid
CO; streams for practical DAC application. Finally, a brief outlook on
remaining challenges and potential directions for future DAC
development is given.

Keywords Direct air capture; Porous carbon; CO, capture; Porous
solid; Adsorption

1 Introduction

The accumulation of carbon dioxide(CQz) in the atmosphere is
the main driver of global warming since CO: is the main source
of greenhouse gases(GHG) stemming from human activities!’2..
According to the latest data released by the Mauna Loa
Observatory in August 20218, the level of atmospheric CO2
reached 416 ppm(parts per million), which is nearly 200 ppm
higher than the pre-industrial levels(Fig.1). This value far
exceeds the ability of plants to consume in natural carbon
cycles. Therefore, the importance and urgency of carbon
emission reduction have been broadly recognized*®l. The
International Energy Agency(IEA) urged that carbon capture
is an important measure to reduce CO: emissions!®l. The
Change(IPCC)

recommended a target reduction of 30% for developing

Intergovernmental Panel on Climate
countries and 80% for industrial countries by 2050 to avoid
dangerous climate change effects!”!. At present, for the capture

of CO: from high-concentration sources, the traditional
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capture methods are maturel®—3l. However, the separation
methods from low-concentration feed, including direct
capture from the air or confined spaces, still need to be
developed!413,

The direct air capture(DAC) technique is an important
and feasible option to extract CO2 from ambient air, which was
proposed by Lackner!’® in 1999 to mitigate climate change. As
a significant technology of “negative carbon emission”, DAC
has attracted more and more attention from academia and
industry7—1,

The core of DAC technology is the development of sorbent
materials and capture processes. Generally, alkaline aqueous
solutions and porous solid-based sorbents are the two main
capture media in DAC process. The alkaline solution
technique has been deployed for CO: capture from flue gas
and has been assessed for DAC on a pilot scale. For example,
Carbon Engineering's(CE) Direct Air Capture and AIR TO
FUELSTMTM™ technology used hydroxide solution to capture
CO:2 from the air?! and further converted the captured CO: to
produce fuel®. Compared with the alkaline aqueous solution,
the sorbent materials in solid form provide the possibility of a
lower regeneration energy, and thus a lower operation cost.

However, the relatively low CO: concentration in the air
is still a challenge for porous solid by DAC technique. Because
the low CO: partial pressure results in a low CO2 driving force,

which leads to a slow CO: diffusion rate. Similarly, because of
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Fig.1 Daily averaged CO, from four Global Monitoring
Laboratory Baseline observatories: Barrow, Alaska(in blue),
Mauna Loa, Hawaii(in red), American Samoa(in green), and the
South Pole, Antarctica(in yellow)

Reprinted with permission from Ref.[3], Copyright 2021, Global Monitoring
Laboratory.
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the low chemical potential in the low concentration of CO., the
enthalpy of CO: adsorption is also very low, showing a low
adsorption potential. Focusing on the above issues, extensive
studies have been made for the development of efficient DAC
technologies. For example, Shi et al.?? summarized the
progress on air capture, which included CO: physisorption
with task-specific pores in addition to chemisorption and other
methods. Khraisheh et al.®! reviewed the recent research
progress of physical adsorption materials for CO: capture. The
scope of developing CO: selective physical adsorbents with
better performance is discussed from the point of view of the
environment and economy. In addition, the potential
applications of ultra-microporous(smaller than 0.7 nm)
materials in CO:z capture are discussed. Liu et al.?* focused on
the research progress of MOFs materials in the capture of trace
CO2, especially focusing on amine-functionalized MOFs
materials and ultra-microporous MOFs materials. Despite the
available excellent reviews®—%), the precise engineering of
multi-length-scale pore structures and task-specific surface
chemistry over porous solid sorbents for DAC has been less
overviewed.

Herein, this review summarized the latest development of
porous solid sorbents for DAC process by focusing on the
modulation of pore structures and micro-environments. The
strategies to control the pore size, and to impart COz-philic
functional groups are discussed, respectively. Particularly, the
amine-grafted porous solids with distinct pore structures are
classified and evaluated, which aims to give a clear structure-
performance correlation. Finally, the hurdles that remain to be

overcome before practical implementation are discussed.

2 DAC Through Sorbent-based CO; Extraction

One of the oldest methods of separating CO: from a gas stream
is to use an aqueous amine solution®. For example, aqueous
solutions of primary and secondary amines have been used to
remove CO: from CO:z-rich natural gas streams, and are now
used to purify breathing air in submarines. So far, most reports
describing DAC sorbents research have focused on the use of
solid amine-supported materials. In the supported amine
material, CO2 reacts with the amine to form a strong chemical
bond, which can be sorbed under low CO: partial pressure.
Compared with liquid sorbents, amine-loaded solid
sorbents are facilely used in trace CO: capture with the
advantages of good diffusion performance, high capture
efficiency, and avoiding heat loss of evaporating liquid®". In
this process, two different sorption mechanisms have been
explored. (1) Under dry conditions, primary and secondary
amines react with CO: to form carbamate or carbamic acid
[Eq.(1)]®2—34. In-situ infrared spectroscopy result shows that

CO: is sorbed on the primary amine sites in the form of
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strongly bound ammonium carbamate and the secondary
amine sites in the form of weakly bound ammonium
carbamatel®!. (2) Under humid conditions, amines react with
CO:2 to form bicarbonatel®**. Eq.(2) and Eq.(3) represent the
reaction of secondary amines with CO2 under dry and humid

conditions, respectively.

2RNH, + CO, === RNHZ + RNHCOO~ 1)
2R'R?NH + €O, === (R'R2NHJ)(R'R?2NCO0~) =—=

(R'R?NH)(R'R?NCOOH) )

R'R2NH + CO, + H,0 == (R'R?NHZ)(HCO003) 3)

Amine modified sorbents can be divided into three
categories according to their preparation methods, as shown
in Fig.2P%8l. Class 1 of sorbents can be prepared by impregnating
amines into the pores of porous materials, but low-molecular-
weight amines are easily leached during sorption and
regeneration. Class 2 sorbents are chemically grafted with
amine functional groups to the surface of the porous materials
to stabilize the sorbent during the regeneration process. Class
3 sorbents, the amine monomers polymerize in situ in their
pores to form a polyamine structure.

Generally, Class 1 sorbents have a higher capacity than
Class 2 sorbents because of their higher amine content, but in
the sorption/desorption cycles, the weak physical force
between the carrier and the active sorbent may result in poor
stability. Class 2 sorbents are grafted with amine functional
groups on the surface of the solid carrier, which makes the
sorbent more stable than Class 1 sorbents during the
regeneration process. Class 3 sorbents are based on the binding
of covalently bound polymeric amines to a typical porous solid.
The working capacity of Class 3 sorbents is higher than that of
Class 2 sorbents. Therefore, Class 3 sorbents have the
advantages of being easy to manufacture, potentially cost-

effective, and stable in multiple cycles. In the current extensive

(I)H (I)H ?H ?H O‘H (‘JH (‘)H

Class 1: Physical impregnation

T T T T T
HO O, HO HO O, HO HO

N

0" 0 ] (0] OH O o OH OH OH O OH OH OH
- Il Il L Il Il 4 Il Il 1 d A il
Class 2: Covalent tethering

via silane linkage

Class 3: Direct covalent tethering
via in-situ polymerization

Fig.2 Schematic representation of the three main routes used
for functionalization of porous supports with amine moieties

Reprinted with permission from Ref.[38], Copyright 2015, American Chemical
Society.
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work describing the use of loaded amine materials in DAC,
solid amine sorbents based on porous oxide supports are the
most common sorbents.

In recent years, the research progress of various amine-

modified porous sorbents for DAC has been widely reported!®!.

And the regeneration methods of DAC sorbents have been
developed, mainly including hydroxide sorbents and solid
amine-loaded organic sorbents on CO: capture. For example,
loaded amine materials are particularly suitable for extracting
CO:2 from ultra dilute gas mixtures in the air. As a unique
sorbent, the amine-loaded material can spontaneously sorb
CO: from the surrounding air, while using heat or the
combination of heat and vacuum to regenerate under mild
conditions. Stephanie et al.! reported the research progress of
amine-functionalized silica materials in CO: capture. In
addition, many new materials, such as hyperbranched amino
silica materials and amine-oxide hybrid compositions have
also been extensively studied to extract CO: from simulated
ambient air(415 mg/L CO2). Goeppert et al.*l reported a new
type of CO:
pentaethylethylene(PEHA) or tetraethylpentylamine(TEPA)

sorbent obtained from the reaction of
with propylene oxide(PO). They are prepared in a pot by
immersing silica support in the water. These polyamine/epoxy
sorbents have outstanding stability compared to unmodified
amines, especially under oxidizing conditions. And these
materials can effectively capture CO: in air and are facile to
regenerate in humid environments.

In addition to environmental benefits, DAC also has
potential carbon feedstock advantages. With the increasing
possibility of utilizing CO: as a chemical raw material for the
synthesis of value-added chemicals, DAC technology provides
a way to generate CO: on-site for applications around the
world“l. The common research method is to capture CO:
directly from the air and then convert it into fuel production2.
The key point is that although the carbon-negative technology
that combines DAC and CO: storage is being explored, it may
also be used to synthesize value-added products in the short
term(Fig.3).
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Fig.3 Schematic of DAC technology toward a sustainable
future
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3 Progress of Solid Sorbents for DAC

Generally, solid sorbents for DAC can be divided into four
categories, including porous carbon-based, zeolite-based
materials, silica-based materials, and MOF-based materials.
Carbon-based sorbents have been widely used for CO: capture
due to their excellent structural stability and moisture
resistance, and their CO: uptake is very competitive in mass
and volume than other materials!*l. However, for the removal
of CO: from dilute gas streams, most of the available carbon
sorbents are not very effective due to their fairly wide pores
and surface inertness. Compared with the carbon-based
materials, the zeolite-based sorbent has higher quadrupole
interaction with COg, so it shows higher adsorption capacity
and selectivity for CO: capture from dilute gas streamsl*4l.
However, zeolites need to be regenerated at a high
temperature(>60 °C), which is a high-energy consumption
progress, and the water sensitivity of zeolites needs to be
overcome in practical application. Similarly, for silica-based
effective  COz

functionalization(e.g.,

sorbents, capture  requires surface

amine grafting). However, its
regeneration and degradation processes are slow, limiting
their practical applications!*’.. MOFs sorbents have advantages
in COz storage and capture under high pressure and dilute CO2
concentration due to their designable CO: affinity sites(e.g.,
metal nodes), their large pore volume, and high surface areal*.
However, weak moisture resistance, as well as mechanical and
chemical stability, are two weaknesses needed to be improved.
Although these sorbents have shown excellent performance
for CO2 capture, they still show various shortcomings for DAC
process. In this section, we summarized the design and
synthesis methods of these solid sorbents and discussed the
CO: performance of DAC. We would like to provide deep
insights to researchers for the rational design of solid sorbents

for DAC.

3.1 Porous Carbons and Zeolites

Porous carbons are desirable physisorbents for CO: sorption
due to their high surface areas and abundant porosity!448l. For
capturing CO: from dilute streams, most of the studies have
focused on capturing CO:2 from the flue gas, which includes
about 15% CO:1*%. Some excellent reviews and researches
about CO: capture including capturing CO: from simulated
flue gas have been published and discussed in recent
years®'—l. Generally, the pristine porous carbons exhibit a
lower capacity and selectivity under alow CO: partial pressure
than other sorbents, such as MOFs, thus making them not
suitable for CO:2 capture from air through the physisorption/?2.

For instance, Lee et al.5 studied indoor CO: capture by using
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a carbon monolith as the sorbent, which showed a working
capacity of 1.37 mmol/kg at a CO: concentration of 3000 ppm
and 303 K. While the Mg-MOF-74 and SIFSIX-3-Cu showed
CO2 uptake of 0.08 and 1.24 mmol/g at 400 ppm of CO2 and 298
K, respectively!™l. A possible reason is that, for porous carbons,
the main physical interaction to bind CO: is the van der Waals
forces derived from two adjacent micropore pore walls/®,
while the van der Waals force is too weak to facilitate an
efficient capture of dilute CO: from the air(<400 ppm).
Therefore, porous carbons need to be functionalized to

chemisorb CO: by amine-modified methods, further

improving the uptake and selectivity of low concentration COs..

Polyethylenimine(PEI) modified porous carbons are
found to be a class of popular sorbent for CO: capture from
ambient air. Wessling et al.l®! investigated the CO: capture
performances of PEI-loaded multi-walled carbon microtubes
and observed that the specific BET surface area of PEI-loaded
microtubes decreased from 203.6 m?/g to 4.7 m?/g with the
increase of PEI content from 0 to 30%(mass fraction). For pure
microtubes, a 0.19 mmol/g CO: uptake was obtained under
1 bar(1 bar=10° Pa) and at ambient temperature, while the CO:
uptake reached 1.07 mmol/g for 10% PEI loaded microtubes
under a CO:2 concentration of 350 ppm. This result indicated
the PEI impregnation enhances the CO: sorption capacity.
However, when the loaded PEI content reached 30%, the CO2
uptake decreased to 0.34 mmol/g.

Porous solids decorated with amines or ionic liquids[so
called “molecular basket” sorbent(MBS)] represent a family of
solid sorbents, which perform well for dilute CO: capture!®.
Wang et alll prepared carbon-based MBS(CB-MBS) by
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loading CO:-philic PEI on commercial carbon materials, such
as activated carbons and carbon blacks with different pore
diameters and pore volumes. The CO: sorption capacity of
carbon black loaded with 50% PEI is 135 mg-CO2/g-sorb, which
is the same as that of PEI(50)/SBA-15 prepared by loading 50%
of PEI on SBA-15.

For amine-modified porous carbon, some space inside the
nanopores is occupied by loaded amines, resulting in the
reduction of transport channels for CO: diffusion, thus the
failure of CO: uptakel®*—%4. Therefore, some mesoporous
carbons were used as the supports for impregnating PEI®l.
Long et al.l® prepared mesoporous carbon-supported solid
amine adsorbents and investigated their low concentration
CO: capture performance. The mesoporous carbon(MC)
supports were synthesized through the sol-gel method
followed by carbonization, in which the colloidal silica sol and
phenolic polymer were used as a hard template and carbon
source, respectively. The MC showed an abundant mesopore
structure with the size of about 19 nm replicated from the silica
nanoparticles[Fig.4(A) and (B)]. The PEI loading was adjusted
from 55% to 70% and the MC-based solid amine sorbents with
a PEI loading of 60% exhibited a sorption capacity of 2.82
mmol/g for 5000 ppm of CO:[Fig.4(C)]. The well-developed
MC framework could accommodate the high content of PEI
while maintaining considerable residual channels for CO:
inner pore diffusion. It is noted that the loaded amines could
react with CO: to form a dense film of ammonium carbamate
on the surface when the solid amine sorbents were exposed to
COg, thus impeding the CO: diffusion into inner active sites.
To alleviate this kinetic inhibition, the surfactants, such as

(E) Withoutsurfactant (F) With surfactant

CO, sorption

3 3

3
Utilization ratio of the amine (%)

Support

s

Fig.4 TEM image of the mesoporous carbon(A), the BJH pore size distributions of the mesoporous carbon and adsorbents with
different PEI loadings(B), effect of PEI loading on the CO, saturated capacity and the breakthrough capacity at 25 °C and 5000
ppm(Qs and Q, denote saturated and breakthrough capacity, respectively)(C), the effect of surfactant addition amount on the
CO, sorption capacity(columns) and the utilization ratio of the amine compound(line)(D), and schematic illustration of the CO,
sorption process over the PEI loading sorbent without(E) and with surfactant(F)

(A—C) Reprinted with permission from Ref.[66], Copyright 2015, American Chemical Society; (D—F) reprinted with permission from Ref.[67], Copyright 2012, Royal

Society of Chemistry.
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Span 80(sorbitan monooleate), Pluronic F127, cetyltrimethy-
lammonium bromide(CTAB), sodium dodecylbenzenesul-
fonate(SDBS), and sodium dodecyl sulfate(SDS) were used as
the diffusion additive to promote CO: diffusion by breaking
the PEI film from a compact entirety into a dual
interpenetrating polymer network!®”l. Among these diffusion
additives, Span 80 showed the largest improvement of 17.3%
for CO2 uptake, and the CO2 sorption capacity increased as the
content of Span 80 increased from 3% to 10% and showed a
maximum sorption capacity of 4.95 mmol/g at 7%(mass
fraction) Span 80[Fig.4(D)]. The capacity was 1.26 times that of
the surfactant-free sorbent(3.93 mmol/g). The CO2 molecules
can diffuse from the surface into internal active sites through
these interpenetrating networks, further achieving the efficient
capture for low concentration COz[Fig.4(E) and (F)].

The design of mesoporous carbon with a high pore
volume is another strategy to prepare efficient carbon support
for impregnating amines(Table 1). Liu et alll reported
chitosan-derived mesoporous carbon(denoted as CDMC) via a
hard template method followed by pyrolysis, in which the
LUDOX AS-40 silica colloids were used as the templates. The
CDMC had a surface area of 871 m?/g with a total pore volume
of 3.04 cm3/g, and the mesopore size was centered at 18.4 nm.
Then they used CDMC as the supports to load pentaethylene-
hexamine(PEHA), preparing PEHA/CDMC composites with
the PEHA loadings of 1.3—3.9 g/g. The results indicated that
when the PEHA content reached 2 g/g, the CO: capacity of
PEHA/CDMC composites at 298 K was 1.9 times that of
pristine CDMC(2.49 mmol/g vs. 1.31 mmol/g). Moreover, the
PEHA/CDMC with a PEHA loading of 3.9 g/g showed a CO2
capacity of 3.72 mmol/g at 373 K, which was 18 times that of
CDMC. That enhanced CO: capacity is contributed by the
strong chemical reactivity between CO: and amine. The
recycling of 3.13PEHA/CDMC(refers to PEHA loading is 3.13

g/g) composites for COz adsorption at 348 K was also examined.
Although the CO: capacity of 3.13PEHA@CDMC decreased by
16%(from 3.30 mmol/g to 2.54 mmol/g) after ten cycles, it also
showed good performance, which was comparable to other
amine-impregnated sorbents. For instance, the PEI/SBA-15
composites decreased by 34% after four cycles!®.

Zeolites, as an alternative to porous carbon, are also
potential sorbents for CO: capture(Table 1). Because the alkali
cations in the frameworks can interact with CO: molecules
through the acid-base interactions, thereby improving the CO:
capture performance. However, the reduced CO: sorption
performance for zeolites in the presence of moisture is a
drawback. The H20O molecules with strong polarity can occupy
more active sites than CO2 molecules, further reducing the CO:
sorption capacity”l. Moreover, the regeneration temperature
for zeolites is higher than 60 °C”!l, which is an energy-intensive
process. Therefore, zeolites have so far not yielded appropriate
materials for CO: capture from the air in the industry. Most
zeolites show reasonable CO: sorption from the dry air. For
example, Tezel et al.l”? reported CO2 capture process from a dry
ambient air stream by using Faujasite zeolites as the
adsorbents through temperature vacuum swing adsorption
(TVSA),  which

blowdown, and desorption steps. The CO2 was concentrated to

included  pressurization, adsorption,
95% from 400 ppm with total capture fractions as high as 81%.
Yang et al.”® prepared lithium exchanged X type zeolite
(Li-LSX), which showed a high CO2z adsorption capacity of 1.34
mmol/g from dry air at 298 K. They found that the CO:
concentration in the desorption product was >90% for all
adsorbents in the pellet form by using a combined temperature
and vacuum swing cycle. Compared with activated carbon,
humidity and high temperature can significantly affect the

performance of zeolites!”l.

Table 1 Performance of carbons-based and zeolites-based sorbents for direct air capture?

Sorption capacity/

X » Selectivity of
Sorbent Support Amine TI°C ¢(COz)/ppm (mmol CO2-g Ref.
CO2/N2
sorbent)
Carbon CarboTech AC GmbH PEI 30 5000 1.37° — [56]
MWCNT PEI 30 350 1.07 196 [59]
CB-MBS PEI 25 10¢ 1.02 — [61]
MC-55-5 PEI 25 400 2.25 — [66]
PEHA/CDMC PEHA 25 5¢ ca. 1.75 4110 [68]
Zeolite Faujasite zeolites 22 10° ca. 4.25 — 1721
Li-LSX 25 395 1.34 — [73]
Zeolite 13X 25 500 0.4 586 [75]

a. PEI: poly(ethylenimine), PEHA: pentaethylenehexamine; b. unit: mmol/kg; c. unit: kPa.

3.2 Metal-organic Frameworks

MOFs are composed of organic ligands and metal clusters or

nodes and have developed porosity, flexible topology, tunable

pore size, and adjustable surface chemistry”®”’l. Compared
with traditional porous materials, such as zeolites and amine
grafted porous silica, MOFs exhibit a higher capacity under a
lower CO: partial pressure and a lower heat of adsorption.

However, the CO: capture performance of MOFs for DAC still
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needs to be improved. Three effective methods are proposed
including the introduction of open metal sites, modification of

amine groups, and adjustment of pore sizel?!l.

3.2.1 Introducing Open Metal Sites

MOFs with unsaturated metal sites can accept electrons
transferred from CO: so that it has higher CO: selectivity and
capacity than other sorbentsl”. For example, Mg-MOEF-74
composed of 2,5-dihydroxyterephthalic acid and MgO cluster
compound has a CO: adsorption capacity of 8.6 mmol/g at a
CO2 pressure of 1 bar, which is one of the best adsorption
capacities in the MOF family”. However, for some
unmodified MOFs, the intrinsic unsaturated metal sites still
show weak interactions with CO2 molecules, resulting in a low
CO:2 sorption capacity under a low partial pressurel®—2. For
instance, HKUST-1 is constructed from binuclear paddle
wheel copper(Il) cluster and 1,3,5-tris(1H-1,2,3-triazol-4-yl)-
benzenel®, shows only 0.05 mmol/g CO: uptake under 400 Pa
due to the weak affinity to CO2 molecules from unsaturated
copper coordination metal.

To improve the CO:z capture capacity of MOFs with open
metal sites, the screening of metal species and a coordinated
environment are necessary. Metal ions with unsaturated
metal sites, such as Mg, Ca, Li, Mn, Zn, and Cu, are expected
to be used to construct MOFs to capture trace COz. For MOFs
with weakly basic metal sites, due to the lack of strong
sorption sites for COy, it is usually impossible to achieve trace
CO:z capture. In addition, stability is also an issue that needs
to be considered. HKUST-1 and Mg-MOF-74 with open
metal sites are easily degraded in the presence of moisture
and humidity, which makes their practical realization
difficult!4.

3.2.2 Decoration with Amino Groups

For MOFs with functional groups that can donate electrons,
thus introducing polar groups is beneficial to improve the CO2
adsorption capacity™l. In this regard, further modification of
MOFs with amino groups is an effective strategy to achieve
better CO: sorption and separation®!. There are two ways to
anchor the amine functional group in the pores of the MOFs.
One strategy for introducing amine units on MOFs is to anchor
amines to open metal sites through strong binding between
positively charged N atoms and unsaturated open metal
cations!®l. Another strategy is to link the amine group to the
organic ligand®. Lin et al.®! prepared amine-loaded MIL-
101(Cr) with different poly-ethyleneimine(PEI) concentrations
and found that MIL-101(Cr)-PEI-300 exhibited the highest CO:
capacity for CO: capture from flue gas. The CO2/Nz2 selectivity
was 2000 under 0.1 mbar CO2 partial pressure. Compared with
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it, MIL-101(Cr)-PEI-800 was reported by Darunte et al.[*
showed better cycle stability and amine efficiency(CO:
mol/amine mol), which is closely related to amine loading
capacity. They investigated the amine efficiency and found
that when the PEI/MOF mass ratio was 0.64 g/g, the amine
efficiency was significantly improved, but when it was less
than 0.64 g/g, the amine efficiency was significantly reduced.
The main reason is that in the case of low amine loading, the
amine molecules were evenly distributed. The distance
between two adjacent amine groups in the MIL-101(Cr) cage
was too long to have a synergistic effect on COz molecules. A
large proportion of amine groups cannot participate in CO2
sorption, resulting in reduced amine efficiency. When the
PEI/MOF mass ratio is greater than 0.64 g/g, the amine groups
can be close to each other, so that the proton H of the amine
group can be transferred from one amine group to another
amine group to form R—NHs*, which binds tightly to CO:
molecules through Coulomb force. The sorption mechanism of
CO: is similar to that of amine grafting porous silica
materials(this part will be introduced later).

Long’s  group®  introduced amine of N,N'-
Mg:(dobpdc)
dobpdct=4,4'-
dioxidobiphenyl-3,3’-dicarboxylate). A high CO: adsorption

dimethylethylenediamine(mmen) into the
framework(dimethyl ethylene diamine,
uptake of 2.0 mmol/g can be achieved when applied to air
capturelll. Subsequently, they prepared 2,2-dimethyl-1,3-
diaminopropane modified Mgz(dobpdc), and the material
exhibited sudden adsorption of COz under a pressure of about
10 mbar®®2. In the study of nine diamine-doped Mgz(dobpdc),
it was found that at a given temperature, a slight modification
of the diamine structure can change the threshold pressure of
cooperative CO2 sorption by more than 4 orders of magnitude.
In the typical structure of Mgz(dobpdc), the insertion of CO:
into the structure of m-2-Mgz(dobpdc) was observed at 100 K,
and two conformations were identified[Fig.5(A) and (B)]. The
COz Mgz(dobpdc)

adsorbents attached to the diamine confirmed that the

equilibrium isotherm of the series
ammonium carbamate chain can obtain high gravimetric
capacities of 3.5—4.0 mmol/g[Fig.5(C) and (D)]. Yaghi et al.l*®!
grafted the diamine group to IRMOF-74 and observed a CO:
sorption capacity of 2.33 times higher than its monoamine
counterpart. The solid-state *C and "N NMR spectroscopy
revealed the types of carbamates formed by the covalent bond
of chemically adsorbed CO: during CO: sorption.

Another method is to link the amine groups to the organic
ligand. For instance, Chand et al.® prepared an amine-
functional microporous MOF based on the binding of a V-type
carboxylic acid ligand to an azo-linked N,N' donor spacer. The
CO2/N: selectivity of this MOF adsorbent was 106.7 at 273 K
and 43.7 at 298 K. Ishitani et al.l®® studied the COz-capturing
abilities of two complexes, fac-Mn(X:bpy)(CO)s(OCH2CH2NR:)
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Fig.5 Representative structure of the metal-organic framework Mg,(dobpdc)(A), depiction of cooperative CO, insertion into a
row of Mg"-diamine sites to form ammonium carbamate chains along the pore axis(B), structures of two conformations of the
ammonium carbamate chains in Zn,(dobpdc)(m-2-C0O,), ¢, at 100 K as determined by single-crystal X-ray diffraction(C), and high-
throughput CO; adsorption isotherms over a range of 25—120 °C for m-2-m-Mg(dobpdc)(D)

Reprinted with permission from Ref.[92], Copyright 2017, American Chemical Society.

and fac-Re(Xzbpy)(CO)s(OCH2CH2NR:2)(Xobpy=4,4"-X2-2,2-
bipyridine and R= —CH>CH:0H). Both of the complexes can
effectively capture CO: in argon containing only 1% CO: and
convert it to fac-M(X2bpy)(CO)s(OC(O)OCH2CH2NR2)(M=Mn
and Re). These CO: capture reactions are reversible, and the
separation constant is >1000.

In addition to decorating the amino groups into
MOFS[96798],
functionalization® also can effectively improve CO: sorption
capacity. The F ions on the SiFSIX-3-Cul', NiOFFive-1-
Nil01102 and AIFFive-1-Nil'®l ligands have a strong affinity
with the positive C atoms of CO: which leads to the

ionic recombination and fluorine

liquid

enhancement of the sorption interaction.

3.2.3 Tuning Pore Size

As mentioned earlier, the high CO2/N2 sorption selectivity of
MOFs depends on their appropriate pore size and CO:
diffusion kinetics. The pore size of MOFs can be adjusted by
controlling the type of ligands or metal nodes!'%.
There effect of the

thermodynamics and kinetics of CO: capture at a dilute CO2

exists a synergetic best
concentration®!. On non-functionalized MOF, it is rare to
achieve high CO: sorption(1.24 mmol/g) at dilute CO:
concentration(400 ppm) by physical adsorption. This is

because the pore size of the SIFSIX-3-Zn(0.384 nm) and

SIESIX-3-Cu(0.35 nm) compounds are very small. The unique
combination of high charge density and optimal pore size(high
uniform charge density and uniform distribution) leads to the
rapid and strong sorption of CO: in the pores. This synergistic
effect has also been observed in the ultra-microdroplet
ZnAtzOx 3D framework, which has good CO: capture
performancel105106],

MOFs

columns(SiF2~, TiFZ~ and NbOFZ~) are arranged in the pores

Ultra-microporous with electronegative ion
and are considered to be very promising ultra-microporous
CO2 sorbents. SiF¢-3-M with ultra-micropores was formed
from MSiFe(M=Cu, Ni, Zn) inorganic species and pyrazine
ligands to yield a three-dimensional structurel®”l. At 400 ppm
and 298 K, the CO: uptake of SiFs-3-Cu was up to 1.24 mmol/g,
thanks to its customized one-dimensional channels and
uniform distribution of sorption sites!'®. Compared with
Mg-MOF-74, the isosteric heat of SiFs-3-Cu reached 54 kJ/mol
under a fairly low sorption pressure, and the sorption isotherm
was steeper. NbOFFIVE-1-Ni shows a high affinity for CO: at
low concentrations[Fig.6(A) and (B)]. It is worth noting that at
400 ppm and 298 K, compared with the 44.6 cm?®/cm?® of SIFs-3-
Cu, NbOFFIVE-1-Ni adsorbs 51.4 cm?®/cm?(1.3 mmol/g) of CO2
[Fig.6(C)]. The breakthrough test of NbOFFIVE-1-Ni shows
that in dry CO;, the uptake of CO: is as high as 8.2%, and when
the humidity is 74%, the uptake of CO: drops to 5.6%,
indicating that CO2 and water are adsorbed together[Fig.6(D)].
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Fig.6 CO, adsorption isotherm for NbOFFIVE-1-Ni up to 1 bar
and 298 K(A), CO, adsorption isotherms for NbOFFIVE-1-Ni at
different temperatures(B), comparison of the CO, uptake
under low pressures between NbOFFIVE-1-Ni and the SIFSIX
family(C), and column breakthrough tests for NbOFFIVE-1-Ni
with the mixed-gas CO2/N;(1%/99%) under 1 bar and at 298 K

under both dry and humid conditions(10 cm®min flow rate)(D)
Reprinted with permission from Ref.[101], Copyright 2016, American Chemical
Society.

Furthermore, although there is a lot of researches on the
stability of MOF to water vapor and its influence on CO:
MOFs  exhibit

structural degradation when exposed to vapor, and the

sorption performance. susceptibility to
adsorption of water reduces the uptake of CO2". Both
HKUST-1 and Mg-MOEF-74 degraded after stability tests at
40 °C and 75% humidity for up to 14 dI'*®l. SIFSIX assembled
with pyrazine ligands will undergo a phase transition from 3D
to 2D under the condition of extensive exposure to water!!%.
To improve the performance of MOFs, the competitive
adsorption of H2O/CO: must be considered.

Zaworotko et al.®! proposed a low H20 affinity MOF of
SIFSIX-18-Ni-B, which presented a hydrophobic pocket that
addresses the need for weak H2O binding. At 1000 ppm, the
CO2 adsorption capacity of SiFSIX-18-Ni-g is about 0.8 mmol/g,
while the water adsorption capacity of SiFSIX-18-Ni-g is only
1.6 mmol/g at 95% relative humidity. GeFg~ pillared
ultramicroporous MOF, Zu-36-Ni was prepared by ball-
milling assisted transformation method, which was composed
of GEFZ~, metalions(Ni?*) and pyrazine[Fig.7(A)]!. Zu-36-Ni
showed a high CO: uptake of 1.07 mmol/g at 400 ppm,
indicating that the reduction of pore size is important for
enhancing the uptake of CO2 and the interaction between CO2
and F atoms in the anionic pillars[Fig.7(B)]. Through
breakthrough experiments, the actual separation performance
of ZU-36-Ni for CO2/Nz and COz/CHs was investigated, and the
CO:2 capture capacity in CO2/N2(1/99) mixture was 0.50 mmol/g.
In addition, for the 15/85 CO:/N2 mixture, the CO: uptake of
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the ZU-36-Ni packed column is 1.04 mmol/g[Fig.7(C) and (D)].
The performances of the MOFs-based sorbents are shown
in Table 2.
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Fig.7 Schematic illustration of the construction of ZU-36-Ni
(GeFSIX-3-Ni)(A), adsorption isotherms of CO, CH,, and N, on
ZU-36 materials at 298 K(B), column breakthrough
experiments for CO,/N,(1/99)(C), and CO./N,(15/85) and

CO0,/CH,4(50/50)(D) on ZU-36-Ni(flow rate: 4 mL/min)
Reprinted with permission from Ref.[110], Copyright 2019, American Association
for the Advancement of Science.

Table 2 Performance of MOFs-based sorbents for direct air
capture?

Sorption

MOF type TPc C(CO2) capacity(mmol Selectivity of - g
ppm CO,-g~' sorbent) CO2IN;
SIFSIX-3-Zn 25 400 0.13 7259 [57]
SIFSIX-3-Ni 25 400 0.18 e [57]
SIFSIX-3-Ni 25 500 0.4 1438 [75]
SIFSIX-3-Cu 25 400 1.24 10500 [57]
SiFSIX-18-Ni-B 25 1000 0.8 16.2° [75]
TIFSIX-3-Ni 25 500 1.2 8090 [75]
HKUST 25 400 0.05 I [83]
Mg-MOF-74 25 400 0.088 — [57]
Mg-MOF-74 25 500 0.05 238 [75]
Mg2(dobpdc) 25 390 0.13 — [90]
Mg:(dobpdc) 25 390 2 49000 [90]
Mg2(dobpdc) 40 1000 3 — [92]
Mg2(dobpdc) 40 1000 35 — [92]
NbOFFIVE-1-Ni 25 400 1.3 I [101]
NbOFFIVE-1-Ni 25 500 1.3 6528 [75]
Zu-36-Ni 25 400 1.07 _ [110]
ZIF-8 25 500 ~0.0006 3.1 [75]

a. MMEN: N,N'-dimethylethylenediamine; b. selectivity of CO2/H20.

3.3 Silica Materials

Mesoporous silica is another CO: sorbent suitable for amine
loading, which has the advantages of large specific surface
area, large pore volume, adjustable pore size, functional
surface, etc.l'""l. In the 1990s, the first kind of mesoporous silica
M41S was invented!!?, and subsequently, various mesoporous
silicas[Mobil Composition of Matter No.41(MCM-41), Santa
Barbara Amorphous-15(SBA-15), SBA-16, Fudan University-2
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(FDU-2), MCM-50, Korea Institute of Technology-5(KIT-5),
etc.] were successfully developed with the entire application
of surfactants and the development of chemosynthetic
schemes!'3—1131, Although these materials all exhibit an
ordered mesoscopic structure, the sorption capacity of pristine
mesoporous silicas for CO: is relatively low due to the
unmatched pore size. While functionalization of amines can
effectively enhance the interaction between the guest CO2 and
the porous silica material, including impregnation, grafting,
and in-situ polymerization!"', amine-functionalized porous

silica solid sorbents have been successfully used for DAC.

3.3.1 Amines Physically Adsorbed on Silica Supports

The impregnation process, where chemicals are deposited into
pores or solid supported surfaces, is a highly versatile process
that allows almost any material to be loaded onto a given
material. Therefore, various amines are loaded onto the porous
oxide carriers!'7—11  However,
adsorption(TSA)

commonly used for DAC, relatively low volatile amine species

considering that the

temperature swing process is most
were studied to limit sorbent degradation and amine loss
during sorbent regeneration!®l.

Low molecular weight amines are easily degraded by
water condensation and dissolution under humid conditions,
so their stability needs to be considered2—122l. Amines with
large molecular weights are not easily volatile, while PEI with
a large molecular weight can cause pore blockage!'®], thereby
reducing the CO: sorption capacity. To solve these problems,
PEI molecules with average molecular weights between 400124
and 25000 are often impregnated into porous silica sorbents to

maximize the available amine content!!?]. For instance, Son
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et al.'?! found that under the same PEI loading(50%, mass
fraction), the 2.1-fold increase in pore size(KIT-6: 6 nm uvs.
MCM-41: 2.8 nm) resulted in a 1.2-fold increase in CO:
capture capacity(3.07 mmol/g vs. 2.52 mmol/g). Recently, Jones
et al.'?! prepared PEI-impregnated sorbents with a graded
silica carrier with a dual-mesoporous structure. It was
observed from the gravimetric sorption experiments that the
total capacity and volcano amine efficiency(AE) curves of the
sorbent at 25 °C were similar(400 ppm vs. 10%) when CO2
concentrations differed by a factor of 250 for a given sorption
time and amino loaded[Fig.8(A) and (B)]. The CO: isotherms
of the selected samples under different loadings further
confirm this observation[Fig.8(C)]. Fig.8(D) shows the CO:
isotherm of the PEI_H-SiO: sorbent with an amino polymer
loading of 2.62 g PEI'g sorbent. Under the conditions, it
shows almost the same sorption capacity at 30 °C, showing a
stepped CO: sorption isotherm. Under the condition of 400
ppm CO, the presence of vapor further increases the sorption
capacity to 3.4 mmol/g.

For “molecular basket” sorbents, the effect of amine
structure also has an impact on the CO: capture performance.
Tang et al.'?% studied the relative CO: capture performance of
“molecular basket” type solid amine sorbents with different
Triethyl tetraamine(TETA) and tri(2-

aminoethyl) amine(TAEA) were impregnated into mesoporous

amine structures.
silica SBA-15. In the absence of moisture, the CO: capture
performance of the SBA-TETA sorbent is better than that of
the SBA-TAEA sorbent. In the presence of moisture, the
sorption performance of SBA-TAEA sorbent is slightly higher
than that of SBA-TETA sorbent.

In addition to the type of aminel'®), other factors, such as

surfactant!’®!, surface functional groups!!3132, heteroatom
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Fig.8 Comparisons of CO, adsorption capacities(A) and amine efficiencies(B) of PEI_H-SiO.s in the presence of 400 ppm and
10% dry CO., respectively, CO, adsorption isotherms of PEI_H-SiO;s at three different aminopolymer loadings(C), and CO,

adsorption isotherms on a logarithmic scale of the PEI_H-SiO, at three different temperatures(D)
Reprinted with permission from Ref.[127], Copyright 2019, American Chemical Society.
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incorporation!'®134, deployed ambient storage conditions!'*!
and SiO: supports!'*! will also affect the impregnation process.
In addition, the typel® and content'* of the amine also need

to be considered.

3.3.2 Amines Covalently Tethered to Silica Supports

The amine-grafted sorbent can be obtained by reaction of
amino-silane with a previously prepared silica supporting
material(®—1%l. Commonly reported amine silanes mainly
include 3-aminopropyltrimethoxysilane(AP), 3-(2-aminoethyl)-
aminopropyltrimethoxysilane(DAP), and 3-[2-(2-aminoethyl)-
aminoethyllaminopropyltrimethoxysilane(TAP), etc.4ll. In
2010, Sayari and colleagues!'*? first applied diethylenetriamino
(DT) organosilanes functionalization to capture CO: from dry
on MCM-41(PE-MCM-41). Under the

conditions of dilute CO:z concentration(400 ppm) and 25 °C, the

and humid air

sorption capacity of the sorbent for CO: is 0.98 mmol/g. The
dynamic sorption of simulated air(N2, Oz, and CO:) in the
packed bed showed similar results, achieving a CO2 uptake of
0.90 mmol/g. Moreover, compared with CO:, the amount of
sorption of N2 or O: is negligible, so it is inferred that the
selectivity for CO: is very high relative to these two standard
components in air.

Since diethylenetriamine silicones contain both primary
and secondary amines, in order to reveal the influence of the
amine structure on the CO: capture efficiency, Jones and his
colleagues!'®®l  prepared and evaluated organosilanes
containing only one amine group on Class 2 sorbents. The
results showed that the efficiency value of primary amine was
0.20 mol CO2/mol N, and that of amine was only 0.07 mol CO-/
mol N in 400 ppm CO:z flow.

Class 3 materials are sorbents that polymerize in situ with
the amine monomer from the surface of the carrier to form a
polyamine structure covalently bonded to the pore. Jones’s
group made two contributions to this particular field in 2011.
First, using aziridine as a monomer, hyperbranched amino
silica(HAS) with  different

prepared4l. The working capacity of these sorbents is higher

materials loadings were
than that of Class 2 amine-based sorbents because there is

abundant amine in the HAS material. Because the amine is

o $
S
~«
APTMS HN 0
oy 2!
(0}
Si—OMe
OH OH OH OH OH O O OH

covalently attached to the sorbent, HAS materials show
excellent regeneration ability in continuous operation!4>14¢,
Studies have shown that when the CO: concentration is 400
ppm, as the amine loading increases from 2.2 mmol/g to 10.0
mmol/g, the CO: capture capacity of the HAS sorbent increases
linearly from 0.2 mmol/g to 1.5 mmol/g. Class 3 sorbents
possess the advantages of being easy to manufacture, low cost,
and high cycle stability.

The polybrush-mesoporous silica sorbent material was
also evaluated by Jones’s group!*” as a Class 3 amine-loaded
sorbent for capturing CO: from the dilute condition. The
synthesis scheme is shown in Fig9. i) 3-Aminopropyl-
trimethoxysilane(APTMS) is grafted onto the surface of
SBA-15; ii) Z-protected L-lysine N-carboxyanhydride(NCA)
undergoes ring-opening polymerization, and iii) the Z-
protecting group cleaves and then neutralizes with aqueous
NaOH. The CO2 uptake of the synthetic sorbent is 0.6 mmol/g.

Although the Class 1 sorbent has a higher capacity than
the Class 2 sorbent, the weak physical force between the carrier
and the active sorbent may cause a lack of stability during
repeated sorption/desorption cycles. Even small losses can be
expensive because they will require the constant replacement
of porous sorbent materials.

The resistance of COz sorbents to water vapor is one of the
requirements for the optimization of the CO2 capture process
using sorption technology!!*sl. CO: is sorbed on the primary
amines in the form of ammonium carbamate and on secondary
amines in the form of carbamate acid'*. Ola and colleagues!'>]
also studied the effect of humidity on the sorption of COz. That
is, when using dry and humid air at 25 °C(relative humidity
67%), the CO:z sorption rate of vapor-phase silica-containing
33% PEI ranges from 1.18 mmol/g to 1.77 mmol/g. The sorbent
with 50% PEI content reduces the CO2 sorption rate from 1.71
mmol/g to 1.41 mmol/g under the same conditions. This
different behavior is due to the different arrangement of PEI in
the space between the particles of the two materials. When
the organic load is low, PEI is well dispersed on the surface, so
most or all the amine groups can be contacted. The high-load
sample hinders the diffusion of CO: and reduces the
sorption efficiency of CO.. When sorbents with a low surface

amine coverage sorbed CO: under moisture conditions,

HN-Cbz

H
H,N H2N, NH
or/\/N.Cbz (\/\/ 2

-
N HoN s, N1
S0 o]
HN HN
{ (i)
Si—OMe Si—OH
/
oH & o oH OH O OH

Fig.9 Preparation of hybrids formed from poly-(L-lysine) polymer brushes and mesoporous silica

Reprinted with permission from Ref.[147], Copyright 2011, Wiley.
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sorbents covered by low surface amines have a greater increase
in the sorption efficiency of CO.. The multi-layer amine-
covered sorbents showed the least improvement during
co-sorption with water. The in-situ FTIR spectra of the low
surface coverage and high surface coverage amine sorbents

showed that they have different structures of sorbed species

under humid CO:z conditions, and the formation of bicarbonate
and ammonium carbamate ion pairs was observed on the
loaded amine sorbents with a low amine surface coveragel’>!l.

The performances of the SiO2-based sorbents are shown in
Table 3.

Table 3 Performance of SiO,-based sorbents for direct air capture*

Sorption capacity/ Amine efficiency/

Support Amine e ¢(COz2)/ppm (mmol CO2g™" sorbent) (mmol COz'mmol~" N) Ref.
MCF PAA 25 400 0.86 0.12 [119]
MCF PEI 25 400 1.74 0.16 [119]
MCF PEI+InH 25 400 1.05 0.09 [119]
MCF APS 25 400 0.54 0.20 [143]
MCF APS 25 5000 1.35 0.20 [143]
MCF MAP 25 400 0.17 0.07 [143]
Commercial silica PEI 25 400 2.36 0.22 [120]
Commercial silica PEI+AP 25 400 2.26 0.21 [120]
Commercial silica PEI+TP 25 400 2.19 0.21 [120]
H-SiO2 PEI 25 400 2.6 0.14 [127]
PE-MCM-41 DT 25 400 0.98 0.12 [142]
PE-MCM-41 DT 25 300 0.90 0.11 [142]
PL-0.25 APTMS 25 400 0.19 0.07 [147]
PL-0.50 APTMS 25 400 0.56 0.12 [147]
PL-0.75 APTMS 25 400 0.60 0.12 [147]
SBA-15 PEI 25 400 0.32 0.07 [147]
SBA-15 DMA 25 400 0.19 0.06 [147]
SBA-15 HAS 25 400 0.28 0.07 [147]
PE-MCM-41 TRI 25 400 0.98 0.12 [147]

* PEI, poly(ethylenimine); PAA, poly(allylamine); MCF, mesocellular foam; AP, aminopropyltrimethoxy; APS, aminopropyl organosilanes; DT, diethylenetriamino
organosilanes; PL, poly(Z-L-lysine); APTMS, 3-amino-propyltrimethoxysilane; DMA, diamine-functionalized; HAS, hyperbranched aminosilica; TRI, triamine-

functionalized; PEHA, pentaethylenehexamine.

4 Summary and Outlook

In a word, solid form sorbents with a narrow micropore size
distribution can enhance the adsorption enthalpy of CO,
which would be possibly used for DAC. The amine hybrid
sorbents are benchmarks for DAC, however, one should be
cautious for amine loading considering the pore blocking
effects, which would suppress the CO: diffusion and lower the
sorption capacity and kinetics. To this end, a pore structure
with good connectivity and hierarchy is highly required.
Notably, in practical application, a small quantity of
moisture can promote the capture of adsorbed CO2, but too
much moisture will inhibit adsorption due to hydrolysis of the
skeleton under humid conditions, thereby destroying the
adsorption process. Therefore, the moisture stability of porous
solid sorbents should be improved. During repeated DAC
cycling, a couple of issues would result in sorbent deactivation,
which includes, to name a few, melting, escape, even
conversion of amine components at high temperature and in a
CO2-rich atmosphere. Thus, the mechanical stability, thermal
stability, and chemical stability of the sorbent are also should

be increased.

Under strict standards, most of the adsorbents reported so
far are still at the basic research level, unable to prove their
feasibility on the bench, far from practical application. In
addition, a large number of studies have led to different results
for some key parameters, so a consistent benchmark or
standard is needed to evaluate a novel adsorbent better.

In addition, the cost constraint still affects its large-scale
layout. In addition to technical aspects, it also needs support
from policymakers and funding agencies. One leading
example is California’s Low Carbon Fuel Standard that awards
credits for ultra-low carbon transportation fuels!’?. The
availability of these types of effective market-based credit
programs makes the economics of DAC technology viable
today. We believe that more solid sorbents will be devised to
meet the above requirements, and the sorption-based CO:
capture from dilute gas feed would make more evident

progress in the near future.
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