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Carbon dioxide (CO,) capture using solid sorbents has been recognized as a very promising technology
that has attracted intense attention from both academic and industrial fields in the last decade. It is
astonishing that around 2000 papers have been published from 2011 to 2014 alone, which is less than
three years after our first review paper in this journal on solid CO, sorbents was published. In this short
period, much progress has been made and the major research focuses have more or less changed.
Therefore, we feel that it is necessary to give a timely update on solid CO, capture materials, although we
still have to keep some important literature results published in earlier years so as to keep the good
continuity. We believe this work will benefit researchers working in both academic and industrial areas.
In this paper, we still organize the CO, sorbents according to their working temperatures by classifying
them as such: (1) low-temperature (<200 °C), (2) intermediate-temperature (200—400 °C), and (3) high-
temperature (> 400 °C). Since the sorption capacity, kinetics, recycling stability and cost are important
parameters when evaluating a sorbent, these features will be carefully considered and discussed. In
addition, due to the huge amounts of cost-effective CO, sorbents demanded and the importance of waste
resources, solid CO, sorbents prepared from waste resources and their performance are reviewed. Finally,
the techno-economic assessments of various CO, sorbents and technologies in real applications are briefly
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discussed.

1. Introduction

CO, is one of the major greenhouse gases (GHG)' that absorbs
heat radiation from Earth's surface which would otherwise have
left the atmosphere. Although atmospheric CO, is the primary
source of carbon in life on Earth and its concentration since the
late Precambrian eon has been regulated by photosynthetic
organisms, its continuous increase due to the large-scale burning
of fossil fuels starting from the industrial revolution has led to the
global warming and anthropogenic climate change. It is without a
doubt that the many extreme weather events in recent years can
be strongly correlated with the increase in atmospheric CO,
concentration and the GHG effect, which contributes significantly
to global warming and its environmental effects, such as the
continuous rise of water-level in sea and the increasing number of
ocean storms, floods, etc. Although other factors exist, the
importance of the aforementioned relationship should not be
undermined.” *> Unfortunately, it is predicted that this trend of
increasing atmospheric CO, concentration will not be altered
within next several decades, because fossil fuels will be still the

dominant energy source. As measured by Scripps Institute of

Oceanography, the CO, concentration increased from ca. 315

ppm in March 1958 to 391 ppm in January of 2011, and close to
45 398 ppm in January 2014.*

One of the major anthropogenic sources of CO, emission is the
power plant. For example, a 500 MW coal-fired power plant will
generate ca. 3 million tons of CO, per year.’ Therefore, CO,
capture and sequestration (CCS) from these large point sources is

so essential for the reduction of CO, emission into atmosphere,
which should be applied not only to new power plants but also to
the retrofitting of old power plants.® Currently there are three
approaches or processes to capture CO, from these point sources,
namely pre-combustion capture, post-combustion capture and
ss oxyfuel combustion.” In comparison with the other two processes,
the post-combustion capture method is quite competitive in cost
but as it involves flue gas, which has a low CO, concentration, i.e.
typically below 15%, it creates a technical challenge for the
development of cost-effective advanced capture processes.® Three
6 main technologies including the use of scrubbing solutions, solid
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sorbents and membranes are used to separate and capture CO,
from the flue stream. Among these, solid sorbents have been most
commonly investigated for post combustion CO, capture in
recent years. Unlike liquid sorbents, solid sorbents can be used
over a wider temperature range from ambient temperature to 700
°C, vyielding less waste during cycling, and the spent solid
sorbents can be disposed without undue environmental
precautions.

In 2011, we published a review paper in Energy and
Environmental Sciences on solid CO,-sorbents for CO, capture
and their applications.” However, within only three years (from
2011 to 2014), we noticed that there have been nearly 2000 new
publications in this area, and some types of CO,-sorbents, such as
supported ion liquid, graphite/graphene based materials, boron
nitride, clay-based sorbents, zirconium phosphate, metals oxides
(TiO,, NiO, CuO, Fe;0,4, etc), etc, have been reported. More
importantly, some waste-derived CO, sorbents, which probably
will reduce the cost of the CO,-sorbents significantly, have
appeared.'’ In addition, there are many papers dealing with
simulation/modeling studies on the technical and economic
evaluations for different types of sorbents. Therefore, we feel that
it is necessary to give a timely update on these solid CO, sorbents,
which may benefit researchers working in both academic and
industrial areas.

The solid sorbents may have various chemical or physical
interactions with CO, molecules. However, following our
previous classification, we continue to organize them according
to their sorption and desorption temperatures and classify them as
(1) low-temperature (< 200 °C), (2) intermediate-temperature
(200400 °C), and (3) high-temperature (> 400 °C) sorbents.
Since the sorption capacity, kinetics, recycling stability and cost
are important parameters when evaluating a sorbent, these
features will be paid with special attention in this review. In
addition, due to the potential demand of huge amounts of low
cost CO, sorbents and the importance of waste resources, many
active research activities in this field have appeared. Hence, a
detailed review on the preparation of solid CO, sorbents from
waste resources has been provided as well. Finally, the techno-
economic assessments of various CO, sorbents and technologies
in real applications are briefly discussed.

2. Low-temperature solid CO, adsorbents
2.1 Solid amine-based adsorbents

CO, removal from flue gas by sorption and stripping with
aqueous amines (commonly monoethanolamine (MEA),
diethanolamine (DEA) and methyldiethanolamine (MDEA)) has
been established since 1930 and is still believed to be a feasible
technology.'" ' However, this process suffers from a series of
inherent problems, including the corrosive nature of the amines,
fouling of the process equipment and high regeneration energy,
etc.'3 To avoid the above problems, solid adsorbents with loaded
organic amines on certain support materials are intensively
investigated.'"*"® Compared to the aqueous amine solutions, these
solid adsorbents usually require lower capital cost, lower pressure
for gas recovery, and less energy for regeneration.'” Amine-
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ss grafted silica was first proposed by Burwell and Leal®® for SO,

capture. Since then, amine-impregnated porous supports for CO,
capture have been widely explored.?"™ ?* From 2011 to 2014,
many groups have also tried to improve the CO, sorption capacity
of these amine-based solid adsorbents via the following technical
routes: (1) supporting amines on porous materials, (2) selecting
proper amines, and (3) enhancing CO, diffusion, etc. A vital
variable that governs the CO, adsorption performance is the
support. Up to date, many porous materials including carbon,
graphite/grapheme, zeolite, MOF, silica, polymer, clay, and TiO,
nanotubes, etc., have been investigated. With respect to the
support effects, more details will be given in the following
sections of 2.2-2.9.

The methods for loading of amine on supports can be classified
as (a) impregnation, (b) post-synthesis grafting, and (c) direct
condensation.” The impregnated samples often have high capture
capacities. However, the transport limitations of CO, to active
sites and the leaching of amines over multiple regeneration cycles
limit their performance and long-term viability as CO, capture
solutions.® The leaching problem can be alleviated or solved by
covalently attaching amines onto solid surfaces, e.g.,
hyperbranched amines covalently attached to silica,” amine
groups functionalized onto silica or alumina supports,” or by
adding additives to the polyethylenimine (PEI) to increase
stability. Another group of amine adsorbents is solid polymeric
systems in which the amines are covalently incorporated into the
polymer backbone via chemical bonds such as C—C bonds. These
C-C bonds usually are more stable than Si—O—C bonds
hydrothermally.?*>*

The first amine impregnated CO, adsorbent (PEI/MCM-41)
was developed by Xu et al.** in 2002. The adsorbent had a CO,
capacity of 3.0 mmol g at 75 °C under a dry 100% CO, feed gas.
After that, intensive efforts have been made to synthesize amine-
based CO, adsorbents with better performance, and to know more
about the effects of operation temperature, CO, partial pressure,
textural pore character of the support, and the nature of the
amines on the CO, capture performance.’®?’ For the impregnated
systems, most studies have shown that supports having a larger
pore volume and pore diameter give better adsorption
performance. Son et al.”® impregnated PEI onto five different
mesoporous silica materials (i.e.MCM-41, MCM-48, SBA-15,
SBA-16, KIT-6) and discovered that the adsorption capacity
increased with increase of the pore diameter. Qi et al.”
synthesized novel nanocomposites based on PEI and
tetracthylenepentamine (TEPA) supported on specially designed
mesoporous SiO, hollow capsules (see Figure 1).° They found
that TEPA impregnated mesoporous silica capsules achieved
adsorption capacities of 6.6 and 5.6 mmol g using dry streams
containing 100% and 10% CO, respectively at 75 °C, as well as
7.9 mmol g’ under a humid 10% CO, stream, which are the
highest reported adsorption capacity so far for the impregnated
systems. This high capture capacity can be attributed to the large
pore space and open structural character of the supports, which
can enable high amine loadings and effective amine distribution,
fast CO, adsorption kinetics and high CO, adsorption capacities.
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Amine-silanol interactions are believed to be important for the
adsorption of CO,.*° The impregnated PEI may not be very stable
on the surface of the support. Although the grafted and
hyperbranched amines have demonstrated improved CO, capture
and stability over their impregnated counterparts, there is still
reservation that, with increase of the complexity of the sorbents,
the number of required steps in sorbent processing, and their
associated costs, will also be increased simultaneously. Because
of the required scale for CO, capture, the production of amine-
functionalized and/or amine-impregnated sorbents should be at
low cost and environmentally benign.*' The amines in the
polymeric forms may provide solution to the above problems. A
class of polymeric amines with potential for CO, capture is ion
exchanged resins (IER) with amine functionality. These materials
showed ability to scrub CO, at low concentrations, like that in
confined quarters such as marine and space vehicles, or from
air.*> * They also have high potential for application in CO,
capture from fossil energy power plant flue gas. A variety of
amine-functionalized IERs have been synthesized and
investigated, including primary to quaternary amine functional
groups.? Alesi. et al.”* and Hallenbeck et al.** reported a primary
amine-functionalized polymeric ion-exchange resin with a CO,
capture capacity of 1.85 and 1.15 mmol g’ at 30 and 70 °C,
respectively. The capture capacity of the resin was stable over 18
adsorption/regeneration cycles. Also, the solid CO, adsorbents
may be further improved by eliminating the use of the inert
porous support via tailoring the molecular structures. Wang et
al.*® prepared support-free polyamine porous particles by a
precipitation-polymerization method and obtained a CO, capture
capacity of 2.3 mmol g"'. This solid sorbent is very easy to be
regenerated, requiring heating to only 100 °C under a N, flow.

(a)
TEOS Calcination

PS latex Iesoporous particle

Aming
mpregnaton

Mesoporous capsule €O, Sorbent

Figure 1. (a) Synthesis of amine impregnated composite sorbents
based on mesoporous capsules, and TEM images of two silica
supports, (b) MC400/50, and (c) MC160/20 (MC x/y, where x
and y represent the approximate diameter and the shell thickness
of the mesoporous capsules in nanometres, respectively).?’

Besides the work on selecting and optimizing the supports,
another aspect is to select the proper amines, such as primary
amines, secondary amines, tertiary amines, and polyamines etc.
Primary amines can form stable complexes with CO,, capture
CO, efficiently but are difficult to regenerate.’® Tertiary amines

do not capture CO, as efficiently as primary amines, but can be

ss regenerated readily at relatively low temperatures.’®** As for the

secondary amines, they can offer a compromise between the
primary and tertiary amines. Bollini et al.** used four different
silane coupling agents, three with a single primary, secondary, or
tertiary amine at the end of a propyl surface linker, and the fourth

so with a secondary propylamine separated from a primary amine by

an ethyl linker. They found that both amine type and their
proximity had a significant effect on oxidative degradation rates.
In particular, the supported primary and tertiary amines were
stable under the oxidizing conditions used, whereas the secondary

ss amines degraded at elevated treatment temperatures. Among all

the studied amines, PEI and TEPA are the mostly used in
adsorbent formulations because of their wide availability and
efficient characteristics in CO, capture.

Previous work mainly emphasized how to advance the support

60 or the amine to improve CO, capture performance. There are few

strategies to resolve the kinetic barrier for CO, inner diffusion.
Very recently, Wang et al.** proposed a new method to overcome
the limitation of the CO, kinetic diffusion, which could improve
in CO, capture performance. They introduced CO,-neutral

os surfactant into PEI to create extra CO, transfer pathways that

could facilitate CO, diffusion into the deeper PEI films (Figure
2).* Consequently, the sorbents offered more reactive sites and
higher utilization efficiency of amine groups, leading to a
dramatically enhanced CO, dynamic capacity and total capacity.

70 Due to the enhanced CO, diffusion, the sorbents could work at

room temperature with very good performance. At 30 °C, the
surfactant-promoted sorbents achieved a CO, capture capacity as
high as 3.2 mmol g”' with amine utilization over 50%. Moreover,
the surfactant-promoted sorbents also exhibited much better

75 sorption kinetics and regeneration performance. This study

provides a cost-efficient and general approach to designing CO,
solid sorbents with high performance.**

(a) Without surfactant (b) With surfactant

Support Support

CO, sorption

v

CO, sorption

vV

Figure 2. Schematic illustration of the CO, sorption process over

This journal is © The Royal Society of Chemistry [year]
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the PEI loaded hierarchical porous silica with and without
surfactant, **

nitrogen functional groups into their structures.*® **%° Nitrogen-

containing carbons can be prepared directly from the
carbonization of nitrogen-rich chemical precursors, polymers, and
ionic liquids, etc. Up to date, various N-doped carbons have been
prepared from nitrogen containing small molecules such as
dicyandiamide,®' chitosan, ®* and HNO;,* with a CO, uptake of
3.2, 3.9, and 4.3 mmol/g, at 25 °C, 1 bar, respectively. In addition,
some nitrogen containing polymers such as porous polyimine®,
polypyrrole®®,  and  co-polymerized  acrylonitrile  and
acrylamide,”” etc have also been used as precursors and the
resulting N-doped carbons showed a CO, uptake of 5.3 mmol g!
(0 °C), 6.2 mmol g (0 °C), and 3.8 mmol g (25 °C) at 1 bar,
respectively. Sethia et al.%®® synthesized N-doped carbon by
carbonization of an ionic liquid and found that it possessed a CO,
capture capacity of 3.2 mmol g at 25 °C and 1 bar. Furthermore,
such N-doped porous carbons exhibited high CO, adsorption rates
and good selectivity for CO,/N, separation, and high feasibility
for regeneration.”’

2.2 Carbon-based adsorbents

S

As mentioned in our previous review paper, carbon-based °
materials are considered as one of the most promising adsorbents

for CO, capture,45 because of their low cost, high surface area,
high amenability to pore structure modification and surface
functionalization, and relative easiness for regeneration. However,
the CO, adsorption on carbon materials is “physical” and weak, °
10 which makes these adsorbents sensitive to temperature and
relatively poor in selectivity. The CO, sorption capacity drops
dramatically at temperatures associated with power plant flue gas
(50-120 °C).* Prior to 2011, the research activities on carbon-
based CO, adsorbents were mainly focused on (1) increasing the 7’
surface area and tuning the pore structure, and (2) increasing the
alkalinity by surface modifications.” From 2011 to 2014,
continuous efforts have been made to improve the CO, adsorption
capacity of the carbon-based adsorbents via investigating (1) the
quantative influence of the particle shape, size, and pore structure,
(2) surface modification via N-doping, amine modification,
oxidation, fluorination, and modification with metal oxide, etc.,
and (3) synthesis of carbon-based hybrid composites.
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Incorporation of amine groups is also widely used for surface
7s modification. Generally, the modification with amines can be
carried out in two ways: (1) impregnation supports using a liquid
amine polymer such as PEI, TEPA or DEA,” " and (2) grafting
with amino groups.”” " In these amine-supported systems, amine-
functionalities are dispersed inside the pores of a mesoporous
so support material, and thereby produce enhanced CO, capture
performance relative to that of the bulk amines. Among all the
studied amines, PEI, which was first used in CO, capture by
Satyapal et al.”” to improve CO, removal in space aircraft
applications, seems to be the most effective one owing to its high
adsorption capacity and good cycling stability.”* For this reason,
there are many reports on using PEI to modify carbon materials
for enhanced CO, capture. 81.82 For such amine loaded adsorbents,
the total pore volume, especially the meso-plus-macro-pore
volume, plays a crucial role in determining the CO, sorption
o0 capacity.®! In addition to nanoporous carbon, mesoporous carbon
similar results. Therefore, design of carbon adsorbents with high materials have also attracted great attention due to their suitability
volume of small micropores should be essential for achieving for surface amine doping." Wang et al.** reported that, by
high CO, uptake under ambient conditions. Marco-Lozar et al.' loading PEI on a well-developed mesoporous carbon, the CO,
found that for low CO, pressure, the sorbent should have the uptake could be increased to 4.82 mmol g in 15% CO/N, at 75 ©
maximum possible volume of micropores smaller than 0.7 nm. % C.
s However, the sorbent requires the maximum possible total
micropore volume when the capture is performed at high CO,
pressure. In addition, novel synthesis techniques for preparation
of highly efficient carbon-based CO, adsorbents are of great
interest. For example, Robertson et al.** reported a very simple
method for the formation of carbon aerogels followed with
activation to generate carbon materials with very attractive CO,
storage capacity (2.7-3.0 mmol g at 25 °C, 1 bar). Wang et al.>
reported the synthesis of a series of porous carbons with
adjustable high surface areas and narrow micropore size
distributions by activation of fungi-based carbon sources with
KOH. The resulting porous carbons demonstrated both high CO,
uptake (5.5 mmol g') and high CO,/N, selectivity (27.3) at 0 °C
and 1 bar.

2

S

It is widely agreed that the pore structure and pore size of
carbon-based materials can influence their CO, capture capacity.
»s Jiménez et al.*’ studied the CO, sorption behaviors of several
types of carbon nanofibers (platelet, fishbone, and ribbon) and
amorphous carbon at 26 °C. The results showed that the lower the
graphitic component content or the higher the amorphous carbon
content in the carbon materials is, the higher the CO,-sorption %
capacity will be. Sevilla et al.* summarized the CO, adsorption
capacities of various carbonaceous materials measured at 25 °C
and 1 bar. As anticipated, the CO, adsorption capacity is strongly
correlated with the content of narrow carbon nano- and
micropores. Lee et al.* and Wickramaratne et al.*® also reported

3
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Amine groups can also be chemically bound to carbon matrix
via grafting. Comparing with those introduced by impregnation,
the grafted functional groups are more stable or not desorbed
during regeneration. For this reason, CO, capture on amine-group

10 grafted carbons has been well studied, and most of relating works
prior to 2011 were reviewed by Houshmand et al.** As reported,
amino compounds such as diamines, polyamines, aminosilanes,
halogenated amines, and polyaniline (PANI)® were grafted onto
the surface of carbon materials. It was concluded that a suitable
amine compound should be selected based on the type of porosity
and type of functional groups most available on the surface. In
the past 3 years, the studied amines grafted on carbons include
mainly ethylenediamine, diethylenetriamine, tris-(2-
aminoethyl)amine, tri-ethylenetetramine,*® 2-chloroethylamine,®’
110 (3-aminopropyl)triethoxysilane,™ etc.
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Many works have proven that the CO, capture capacity of
ss activated carbons can be significantly increased by introducing
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Apart from the above discussed nitrogen doping and amine
modification, there are other treatments such as oxidation,®
fluorination,”® *! and modification with metal oxides, etc, for
carbon materials. Oxygen functional groups, such as carbonyls,
alcohols and ethers, contain an electron-donating oxygen atom
that can also participate in electrostatic interactions with CO,. It
is thus expected that the presence of oxygen functional groups on
the carbon surface will enhance CO, adsorption capacity and
selectivity.®” Plaza et al.¥ found that the oxygen content could be
significantly increased from 1.4 wt% up to 15.9 wt% by liquid
and gas phase oxidation treatments, and resulted in a greater CO,
uptake. Oxidation treatment is therefore proposed as a plausible
modification technique for developing easy-to-regenerate carbon
adsorbents with enhanced CO, capture performance. Fluorination
method has received a substantial attention because of its
potential for uniform modification, short reaction time, low cost,
and high efficiency. Fluorination causes defects, changes surface
properties, and increases the total number of basic sites with
varying degrees of basicity on carbon materials.”’ Bai et al.”
investigated the influence of oxyfluorination on activated carbon
nanofibers for CO, storage and found that the CO, adsorption
efficiency of oxyfluorinated activated carbon nanofibers
improved around 16 wt% due to the semi-ionic interaction effect
of surface modificated oxygen functional groups with CO,
molecules. Up to date, many metal oxides including NiO,”
Cu0,”™ ** and MgO have been doped or loaded on carbon
materials to further improve the CO, capture capacity. However,
one major problem for the metal oxides modified carbon
adsorbents is that the enhancement of CO, capture capacity is still
too moderate, and it seems more works are desired to draw a
conclusion whether this type of materials is promising for
practical applications or not.

The third major method for improving the CO, capture
performance of carbon-based materials is making hybrid
composites. Up to date, three types of hybrid materials have been
reported, which are (1) carbon/MOF,” (2) carbon/carbon,”’ and
carbon/carbon nitride,”® etc. For instance, Kong et al.®®
synthesized a composite by growing CNTs on the active ACF via
chemical vapor deposition method, and the composite was further
modified by branched PEIL. The CO, adsorption tests proved that
the micro-nano composite showed an equilibrium adsorption
amount of 1.5 mmol g, higher than that of pristine ACF (1.0
mmol g). It is believed that the combination of the unique
hollow and tubular structure of the CNTs with the micro-nano
phase of ACF contributed to the good CO, capture property.
Carbon-based adsorbents and their CO, capture performance are
summarized in Table 1.

Table 1. Summary of carbon-based adsorbents and their performance in CO,

capture.

Carbon type Surface CO; uptake Refere

modificat nce

ion

Carbon

nanofibers

Carbonaceous

materials

Activated

carbon fibers
Carbon spheres
Carbon aerogels
Porous carbons
N-doped
mesoporous

carbons

N-doped porous
carbons

N-doped porous

carbons

N-doped porous
carbon

N-doped porous

carbons

N-doped porous
carbons

N-doped porous

carbons

N-doped porous
carbons

Commercial

carbon

Nanoporous

carbon

Mesoporous

carbons

Activated

carbons

MWCNTs

MWCNTs

Nil

Nil

Nil

KOH

activation

N-doped

N-doped

N-doped

N-doped

N-doped

N-doped

N-doped

N-doped

PEI

modified

PEI
modified

PEI

modified

TREN,
TETA

modified

APTES
modified

PANI

modified

16.36 mmol g at 26 °C, 8
bar
6.6 mmol g at 0 °C, 1 bar

5.68 mmol g at 25 °C, 1 bar

8.9 mmol g at 0 °C, 1 bar
3.0 mmol g at 25 °C, 1 bar

5.5 mmol g” at 0 °C, 1 bar

3.2 mmol g at 25 °C, 1 bar

3.86 mmol g at 25 °C,1 bar

4.30 mmol g at 25 °C, 1 bar

5.60 mmol g at 0 °C, 1 bar

5.26 mmol g at 0 °C, 1 bar

6.2 mmol g at 0 °C, 1 bar

2 mmol g-1 at 25 °C, 1 bar

3.8 mmol g-1 at 25 °C, 1 bar

3.5 mmol g at 75 °C and 1

bar

1.09 mmol g at 75 °C, 1 bar

4.82 mmol g at 75 °C, 1 bar

1.96 mmol g at 25 °C, 1 bar

1.7 mmol g at 60 °C, 1 bar

11.7 mmol.g" at 25 °C, 11
bar

47

48

49

61

62

63

97

64

65

66

67

This journal is © The Royal Society of Chemistry [year]
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Phenolic-resin- oxidation 2.9 mmol.gat 25 °C, 1 bar

derived carbon

Carbon oxyfluorin ~ 3.68 mmol.g” at 0 °C and 1 %0

nanofiber ation bar

Porous carbon loaded 030 mmol g’ at25°Cand1
CuO bar

Activated loaded 223 mmol g' at 25°C, 1 bar ~ **

carbon NiO

MWCNTs/MIL-  Nil 1.35 mmol g at 25 °C, 10 %

101 bar

CNTs/phenolic ~ Nil 1.2 mmol g at 25 °C, 1.5 o

resin bar

CNTs/ACF PEI 2.75 mmol g at 60 °C, 1 bar ~ *°
modified

Mesoporous Nil 235 mmol g at25°C, 1 bar ¥’

carbon nitrides
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2.3 Graphite/graphene-based adsorbents

Graphene is a type of synthetic carbon allotrope which has many
superior properties and received tremendous attention in recent
years. Although graphite/graphene is generally classified into
carbon materials, in order to highlight the rapidly growing
research interests in graphite/graphene-based CO, adsorbents, we
separately summarize the relating work as a new section in this
review paper. Prior to 2011, there is no any report on using
graphite/graphene for CO, capture. However, owing to the high
specific surface area and the lowered production cost, many
efforts have been made to explore their application in CO,
capture since 2012. In general, the studies on graphite/grapheme-
based materials for CO, capture are mainly focused on three
aspects, including (1) exfoliation or new structures, (2) surface or
edge functionalisation, and (3) synthesized hybrid materials.

To date, several methods have been used to obtain a high
specific surface area for graphene, including heat treatment at
high temperatures under vacuum condition.”®'®® Modifications of
graphene oxide layers with hydroxyl and epoxy surface
functional groups employing both organic and inorganic
compounds can increase the interlayer spacing of graphene oxide
layers.'® Although the chemical modification and reduction
approach can remove most of the oxygen atoms from the surface
of graphene oxide, some remaining oxygen atoms and additional
functional groups introduced during the chemical modification or
reduction may cause the scattering of electrons, which reduces
the structural and thermal stability. In addition, these methods are
highly costly and energy intensive for large-scale preparation.
Meng et al.'™ found that exfoliated graphene nanoplate was
highly efficient for CO, capture. The exfoliated graphene
nanoplates could be expanded from graphite oxide by a low-heat
treatment at temperatures ranging from 150 to 400 °C under
vacuum conditions. The effects of the interlayer spacing of the
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graphene layers and pore structure on the CO, capture capacities
were studied as a function of the processing conditions. The
prepared graphene nanoplates exhibited high CO, capture
capacities, up to 56.4 mmol g, at 25 °C and 30 bar. The
improved CO, capture capacity of the graphene nanoplates was
attributed to the larger inter-layer spacing and higher interior void

volume.'%

Graphene and graphitic nanoribbons possessing different types
of carbon hybridizations exhibit different chemical activity. In
particular, the basal plane of the honeycomb lattice of
nanoribbons consisting of sp’-hybridizedcarbon atoms s
chemically inert. Interestingly, their bare edges could be more
reactive as a result of the presence of extra unpaired electrons,
and for multilayer graphene nanoribbons, the presence of terraces
and ripples could introduce additional chemical activity.'”® Asai
et al.'"® observed a remarkable irreversibility in adsorption of
CO, (0.26 mmol g') on graphitic nanoribbons at ambient
temperature, which is distinctly different from the behavior of
nanoporous carbon and carbon blacks. The irreversible adsorption
of CO, is due to the large number of sp>-hybridized carbon atoms
located at the edges.

Graphite has not only properties similar to that of carboneous
adsorbents but also the economic advantage of low cost, thus it is
considered as a potential CO, adsorbent. However, graphite has a
weak affinity towards CO, and a low surface area, which limit the
CO, adsorption ability.'”! To overcome these limitations, Hong et
al.'® modified the surface of graphite with amine groups (3-
aminopropyl-triethoxysilane, APTS) to increase the basicity,
which is favorable for CO, adsorption. Graphite showed
negligible adsorption ability for CO, gas, and graphite oxide had
a very low adsorption uptake of 0.074 mmol g'. However, on the
APTS-modified graphite oxide, the CO, uptake was significantly
increased to 1.16 mmol g'. The increased basicity appears to be a
major factor in enhancing the CO, uptake and is related to the
amine molecules attached to the surface of the graphite.

Fabrication of graphene-inorganic hybrid materials is another
approach to enhancing the CO, uptake. Nanoparticles
incorporated between graphene sheets effectively prevent the
aggregation of the graphene sheets,'”’ and the generated high
porosity would increase their CO, capture performance. By
making graphene-Mn;0,,'® graphene/chitosan,'?’
graphene/silica,''® hybrid porous materials, a CO, uptake of 2.5,
4.2, and 4.3 mmol g at 25 °C and 1 bar could be achieved,
respectively. Mishra et al.''' prepared Pd decorated graphite
nanoplatelets and obtained a CO, uptake of 5.1 mmol g at 25 °C
and 11 bar. It was concluded that the greater affinity of CO,
molecules towards Pd nanoparticles is responsible for the
increased CO, adsorption capacity. Graphite/graphene-based
adsorbents and their CO, capture performance are summarized in
Table 2.

Table 2. Summary of graphite/graphene-based adsorbents and their

performance in CO; capture.
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Schemes Materials CO; uptake References
Exfoliation or graphene 56.36 mmol g' at 25 104
new structures nanoplate °C, 30 bar
Surface or edge graphitic 0.26 mmol g at 30 105
functionalisation ~ nanoribbons °C, 1 bar
. -1 106
graphite 1.16 mmol g~ at 30
°C, 1 bar
Hybrid materials ~ graphene- 2.50 mmol g at 25 108
Ml’l304 OC, 0.8 bar
Palladium- 5.10 mmol g™ at 25 t
graphite °C, 11 bar
nanoplatelets

110

graphene-based  4.32 mmol g at 75

mesoporous °C, 1 bar

silica

chitosan- 4.15 mmol g at 25 109
graphene oxide ~ °C, 1 bar

polyindole- 3 mmol g at 25 °C,1 12
reduced GO bar

o

@
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2.4 Zeolite-based adsorbents

The CO, adsorption mechanism on zeolites has been revealed
that the physisorption of CO, by an ion—dipole interaction or
strongly bound carbonate species by bi-coordination.” Although
zeolites have shown promising results for separating CO, from
gas mixtures and can potentially be used in the pressure swing
adsorption (PSA) process, in general their selectivity for CO,
over other gases (N,, CH,;, H,O, etc.) is still low, and their
adsorption capacities rapidly decline with increasing temperature
above 30 °C and become negligible above 200 °C. Previously, we
outlined the work on improving the CO, capture performance of
the zeolite-based CO, sorbents in three aspects, including (1)
changing the composition and structure of framework, (2)
cationic exchange, and (3) zeolite purity. During 2011-2014,
more papers have been published in this field, and we noticed that
the researches are more focusing on the former two aspects.
There is no much work continued in zeolite purity. In addition,
researchers started to modify the existing zeolites by either
impregnating or grafting various amines to further increase the
CO, capture capacity. Making zeolite-based hybrid materials is
another research direction in this field. A brief summary of
research activities of zeolite-based CO, sorbents is illustrated in
Figure 3.
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Figure 3. A brief summary of research activities on zeolite-based
CO, adsorbents.

Prior to 2011, zeolites that were studied included X,!*115 v, 116
17 A 118 B,“g ZSM, 2% 121 CHA,'?? FER,'? and natural zeolites
(e.g. ZAPS, ZNT, ZN-19).'"** Among them, zeolite 13X attracted
more attention than others.'*>'?” In addition, some new zeolites
have also been studied, e.g., SAPO-34,'%% 129 . §87.13,1% and
Rho,"! etc. For instance, Hudson et al."® reported both acidic
and copper exchanged forms of SSZ-13, a zeolite containing an
8-ring window, as CO, adsorbents. The maximum CO, uptake at
1 bar for Cu-SSZ-13 and H-SSZ-13 was 3.75 mmol g"' and 3.98
mmol g, respectively. At low CO, loadings, the gas molecules
preferentially occupy the A-sites located in the center of the 8-
ring window (Figure 4). With increasing the CO, loading per
Cu*, the CO, molecules start to take the end-on CO,
coordination with Cu®* and occupy at B-sites. Such CO, binding
mode is believed to be the reason for its high selectivity of
CO,/N,. Besides the synthesis of novel zeolites for CO, capture,
methods including controlling the Al distribution'*? and
expanding the pore size,"* etc. are also used to improve the CO,
capture performance. Nachtigall et al."*> proved that not only the
accessibility of Bronsted sites but also the homogeneity of Al
distribution in the FER zeolite could be tuned, which resulted in a
new zeolite adsorbent exhibiting a constant heat of CO,
adsorption. Loganathan et al.'* reported that the average pore
size could be expanded from conventional values of 9-10 nm to
as large as ~30 nm, which is favorable for amine tethering.

Another important strategy for improving the CO, capture
performance of zeolite is cationic exchange. The cations
influence the electric field inside the pores as well as the available
pore volume, and provide a convenient mean for tuning
adsorptive properties of these porous materials. Both Walton et
al.** and Ridha et al."® reported that Li" provides the highest
CO, capture capacity among all the univalent cations. Very
recently, Lozinska et al."*® performed a comprehensive study by
preparing a series of univalent cation forms of zeolite Rho
(Mo gAlygSizg 2095, M H, Li, Na, K, NH,;, Cs) and
ultrastabilized zeolite Rho (US-Rho). The highest uptakes at 0.1
bar, 25 °C for both Rho and ZK-5 were obtained on the Li-forms

This journal is © The Royal Society of Chemistry [year]
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(Li-Rho, 3.4 mmol gﬁl; Li-ZK-5, 4.7 mmol gﬁl). Besides
univalent cations, some divalent cations such as Mg®', Ca>*, Sr**
exchanged zeolites have also been investigated. Bae et al.'’
compared a series of Na*, Mg, and Ca*" exchanged A and X
zeolites, and found that Ca-A exhibited the highest CO, uptake
(3.72 mmol g together with an excellent CO, selectivity over
N,. A detailed study of CO, adsorption kinetics further showed
that the performance of Ca-A was not limited by the slow CO,
diffusion within the pores. Lee et al."*® compared the Mg®" and
Ca®* exchanged 13X with the Li" and K* exchanged samples, and
found that the CO, capture capacity followed the order of Ca*" >
Mg?" > Li"> K*. Arévalo-Hidalgo et al."*’ reported that by cation
exchanging of SAPO-34 with Sr**, the overall CO, adsorption
performance could be improved in a remarkable fashion as well.
Recently, Hong et al.'* studied the CO2 capture performance of
cationic exchanged CHA and 13X under high pressure and
moderate temperature conditions. The CO, adsorption capacity
increased in the following order: CaCHA > LiCHA > 13X >
NaCHA > MgCHA at 200 °C. The introduction of mesopores in
CHA was effective in increasing the CO, capture capacity under
high pressure conditions. Zeolite 13X was effective as a support
material for Mg(OH), used in CO, capture via carbonation under
pre-combustion conditions (20 bar and 200 °C), leading to the full
utilization of Mg(OH), for CO, capture approaching the
theoretical maximum (1.42 mmol g).

(a)

Figure 4. (a) CO, adsorption site of Cu-SSZ-13 at 4 K for one
complete CHA cage. (b) Cut-away view of the CHA cage
showing the primary (A) and secondary (B) CO, adsorption sites
(black, carbons; yellow, oxygens) for the highest CO, dosing.'*’

Recently, one of the active research activities with zeolite is
modification with amine groups, either by co-condensation,
impregnation or grafting. The amine modified zeolites for CO,
adsorption had been earlier reported by impregnation method
such as zeolite Y,"' 13X,'* ZSM-5,"% A,'* and SBA-15.'%
Singh et al.'* observed that the increasing number of nitrogen in
the alkyl chain amine group led to the enhanced CO, absorption
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capacity, and the highest absorption capacity was found for
TEPA modified zeolite. Su et al."' showed that the CO, uptake
of TEPA treated Zeolite Y was 2.61 mmol g at 60 °C. However,
due to the small pores of zeolite, it is generally difficult to load
large amount of amines using impregnation method. Kim et al.'**
reported a new route to produce TEPA modified zeolite A by
embedding method, in which TEPA molecules were directly
introduced into the zeolite A precursor gel. The optimum CO,
adsorption capacity was found in the case of 7.5% TEPA
embedded zeolite A, which was 3.75 mmol g ', much higher than
neat zeolite A (2.88 mmol g ).

To overcome the low thermal stability problem of the
adsorbents impregnated with amine, grafting aminosilanes
through silylation onto the intrachannel surface of the
mesoporous silica has been proposed. In general, the amine-
grafted adsorbents exhibited a comparatively higher adsorption
rate and higher stability in cyclic runs than the amine-
impregnated adsorbents.'"” Chang et al.'*® investigated 3-
aminopropyltriethoxysilane (APS) grafted MCM-41, SBA-15,
and pore expanded-SBA-15, and found that SBA-15 was the most
appropriate support because its pore size could accommodate
more amines and avoid blocking CO, adsorption. Moreover, its
high pore surface area provided a large number of silanol groups,
which was more beneficial for aminosilane grafting. Serna-
Guerrero et al."** '*° synthesized amine-modified MCM-41 and
pore-expanded MCM-41 (PE-MCM-41) for CO, capture and
demonstrated that the larger pore diameter and pore volume of
PE-MCM-41 resulted in a higher CO, adsorption capacity and
greater dynamic adsorption performance than those of MCM-41.
The loading and distribution of the introduced amines in zeolites
are the two key parameters determining the CO, capture
performance. Since they are often influenced by the synthesis
method, Sanz et al."*! prepared amino-functionalized SBA-15
materials via co-condensation, grafting and impregnation method
respectively, and found that a considerable organic loading was
achieved for the grafted sample, in which amino groups were
mainly located inside pore channels, thus favouring CO,
diffusion through the whole structure.'>' Recently, Jing et al.'*’
prepared a series of SBA-15 adsorbents grafted with dendritic
polyamine including melamine-based ethylene diamine (ED)
dendrimers, diethylenetriamine (DETA) dendrimers,
triethylenetetramine (TETA) dendrimers, and acrylate-based ED
dendrimers. They found that the primary amines were the active
groups within all adsorbents and the branched dendrimers could
weaken diffusion resistance of CO, adsorption. Zeolite-based
hybrid material such as SBA-3/cotton fiber composite has also
been studied for enhanced CO, capture.'>

As discussed in our previous review paper, in practical
applications, moisture is another challenge to zeolite-based
adsorbents, since it may compete with CO, for the active
adsorption sites. Gallei et al.'”® reported that the physical
adsorption of CO, on CaY- and NiY-zeolite is scanty in the
presence of water, because water is preferentially adsorbed onto
these surfaces. Later Rege et al."** and Brandani et al.'> observed
that H,O has a strong effect on CO, adsorption on type X zeolites.
From a thermodynamic viewpoint, the adsorption of CO, in the

8 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]



o

s

o

Energy & Environmental Science

presence of H,O is not favored.'*® However, Diaz et al.!'® found
that the CO, adsorption on Cs- and Na-treated Y zeolites was
increased after water treatment, and believed that it was due to
the enhanced Brensted acidity in zeolites after treatment with
alkali. In addition, H,O may have a detrimental effect on the
stability of zeolite frameworks. In the presence of CO,, the acidic
conditions may cause dealumination of the zeolite structures,
leading to a partial or total destruction of the framework."”” 15¥ In
general, it is accepted that moisture in the gas flow causes
significant decreases in CO, adsorption capability as well as in
the lifetime of the adsorbents. Zeolite-based adsorbents and their
CO, capture performance are summarized in Table 3.

Table 3. Summary of zeolite-based CO, adsorbents and their performance in
CO; capture.

Schemes Materials CO, uptake Refere
nces
Structure and  Cu-SSZ-13 3.8 mmol g at 25 °C, 1 bar 0
composition
adjustment H-SSZ-13 4.0 mmol g at 25 °C, 1 bar 130
1.2 mmol g™ at 30 °C, 1 bar 133
Cation Li-Rho 3.4 mmol g ' at 25 °C, 0.1 136
exchange bar
Li-ZK-5 4.7 mmol g ' at 25 °C, 0.1 136
bar
Ca-A 3.7mmol g’ 40°C0.15bar "’
Zeolite Ca 1.6 mmol g at room 138
temperature, 1 bar
Sr*'-SAPO-34 3.0mmol g' at25°C, 1bar '
CHA and 13X 1.4 mmol g™ at 200 °C, 20 140
bar
Amine TEPA modified 2.6 mmol g 'at60°C, 1 bar '
modification zeolite Y
TEPA modified 3.8 mmol g at 25 °C, 1 bar 144
zeolite A
G-SBA-15- 2.2 mmol g at 40 °C, 4.5 151
NNN-(10) bar
Hybrid SBA-3/cotton 2.4 mmol g at 75 °C, 1 bar 152
materials fiber

20

2.5 MOF-based adsorbents

Metal organic frameworks (MOFs), which are constructed from
transition metal ions and bridging organic ligands, are a new
family of porous materials.*® Great progress in MOFs-based CO,
adsorbents has been achieved during the past several years, but
new discoveries are still being made constantly as the field is
growing quickly.'®'®* Liu et al.'®® wrote a nice review paper on
the recent advances in CO, adsorption, storage, and separation by
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MOF. They also discussed some of the important properties of
MOF adsorbents that may be crucial for practical applications but
are largely overlooked by researchers so far. Zhang et al.'®
briefly reviewed the effect of multifunctional sites on the
adsorption capacity and selectivity. Prior to 2011, most efforts
were made to increase their CO, capture capacity and selectivity
by modifying the metal ions and/or organic linkers in MOFs.’ In
the past three years, continuous efforts have been paid to MOFs
based-CO, adsorbents. However, apart from the modification of
metals sites and organic linkers in MOFs, it seems more attention
has been paid to (1) novel MOF structures, (2) metal ions doping,
(3) functionalization, (4) hybrid materials, and (5) water effect on
the structure and stability, etc. More details will be given below.

One important strategy for enhancing the CO, capture capacity
and selectivity of MOFs is to remove the terminal bound solvent
molecules to make the coordinately-unsaturated metal centres

40 exposed. These coordinately unsaturated metal centres act as

physisorptive sites for CO, molecules enhanced by ion induced
dipole interactions,'® thus efforts have been made to understand
the effect of various metals. Caskey et al.'®’ studied a family of
materials known as MOF-74:M,(DOBDC) (M = Mg, Co, Ni;
DOBDC = 2,5-dioxy-1,4-benzenedicarboxylate). It was found
that the coordinately-unsaturated metal centres within the
framework of Mg,(DOBDC) and Ni,(DOBDC) were the initial
sites of interaction with CO,, and the CO, adsorption isotherms
measured at different temperatures revealed that the strength of
the initial interaction followed the order of Mg > Ni > Co. Wade
et al.'® investigated M;(BTC), isostructural series (M = Cr, Fe,
Ni, Zn, Ni, Cu, Mo) and gained insight into the impact of CO,-
metal interactions on CO, storage/separation. It was found that in
this series the heat of adsorption varied as Ni > Ru > Cu > Mo =
Cr. The difference observed among various metals of the series
supports the notion that metal identity affects the strength of the
initial framework—CO, interaction. Notably, [Ru3(BTC),]-
[BTC]ps5, which bears a higher formal charge on the dimetal unit
than the other isostructural MOFs, exhibited a slightly higher CO,
adsorption enthalpy than the Cr, Cu, and Mo analogues. It was
attributed to the formation of stronger electrostatic interactions
between CO, and the Ru,™" sites. Similarly, Cu-based MOFs
(Cuy(dhtp)), which are structurally homologous to the
honeycomb-like M,(dhtp) series and lanthanide MOFs
(La(BTB)(H,0)-:3DMF), have also been prepared for CO,

capture. 169170

The CO, capture performance of MOFs can also be improved
by selecting proper organic linker, which can either increase the
porosity and specific surface area or provide extra adsorbing sites.
For instance, recent studies showed that replacing the phenyl
spacers of organic linkers with triple-bond spacers could
effectively boost the molecule-accessible surface areas of MOFs
and related high-porosity materials.'”" '7? Zheng et al.'™ designed
MOF-505
analogue from a nanosized rectangular diisophthalate linker

an expanded 4,4-paddlewheel-connected porous

containing alkyne groups. The synthesized NJU-Bail2 exhibited
excellent CO, uptake capacity (23.83 and 19.85 mmol g ' at 20

This journal is © The Royal Society of Chemistry [year]
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bar for 0 and 25 °C, respectively) and selective gas adsorption
property with a CO,/CHj selectivity of 5.0 and CO»/N, selectivity
of 24.6 at room temperature. Park et al.'™ constructed a multi-
functional MOF PCN-124 from Cu paddle wheel motifs and a
judiciously designed novel ligand bearing carboxylate, pyridine,
and amide groups.'” The open metal sites and amide groups were
expected to increase the interaction between the adsorbed CO,. It
has been reported that MOFs constructed from flexible organic
components, even if they do not adsorb N, and H, gases due to
the smaller pores of the activated samples than the kinetic
diameters of these gases, often selectively adsorb CO, since they
open the gates for CO, that has much higher polarizability (2.51
A% and quadrupole moment (1.4 x10* C m?) than other gases.'”™
76 Hong et al.'”’ constructed a MOF (SNU-110) from an organic
ligand with flexible joints and found that it exhibited selective
CO, adsorption over Ny, O,, H,, and CH, gases. Masoomi et al.l”®
synthesized two new three-dimensional porous Zn(Il)-based
MOFs, containing azine-functionalized pores by using a
nonlinear dicarboxylate and linear N-donor ligands. The use of
nonfunctionalized and methyl-functionalized N-donor ligands led
to the formation of frameworks with different topologies and
metal-ligand connectivities and therefore different pore sizes and
accessible volumes.

The synthesis of MOFs with different microstructures and
morphologies such as 1D tubular,'” 2D,'® 3D,"¥! and core-shell
MOFs,'® etc. have also attracted great attention for CO, capture.
Bataille et al.'” prepared a novel porous tubular 1D-MOF from
Cu(Il), 1,2-bis(4-pyridyl)ethane and P,P’-diphenyl-diphosphinate
by an easy and direct self-assembly process in either needle
microcrystal or nanorod form depending on the synthesis
conditions. This 1D-MOF compound is comprised of single
walled tubules, held together by soft van der Waals interactions
(Figure 5). The CO, absorption kinetics drastically increased from
the micrometric crystals to the nanorods. Yan et al.'® prepared
functionalized 2D MOFs in a tandem manner, which displayed a
high thermal stability and moisture resistance. Although their
surface areas were moderate, they still had good CO, adsorption
capacity of 2.9 and 1.9 mmol g’ at 1 bar and 0 and 25 °C,
respectively, comparable to that of previously reported MOFs
with much higher surface areas. Li et al.'®? designed a core—shell
MOF comprising a porous bio-MOF-11/14 mixed core and a less
porous bio-MOF-14 shell. The resulting core—shell material
exhibited 30% higher CO, uptake than bio-MOF-14 and low N,
uptake in comparison to the core. When the core—shell
architecture was destroyed by fracturing the crystallites via
grinding, the amount of N, adsorbed was doubled but the CO,
adsorption capacity remained the same. Finally, the more water
stable bio-MOF-14 shell serves to prevent the degradation of the
water-sensitive core in aqueous environments.

The nonframework ions in an ionic MOF can be exchanged

with other metal ions. In order to know how different
nonframework ions would affect gas adsorption and separation, a
molecular simulation study was performed for CO, adsorption in

rho-ZMOF exchanged with a series of cations (Na*, K*, Rb", Cs",

ss Mg?*, Ca®*, and AI*"). The isosteric heat and Henry’s constant at
infinite dilution increases monotonically with increasing charge-
to-diameter ratio of cation (Cs* < Rb* < K" < Na' < Ca®" < Mg**
< AP, At low pressures, cations act as preferential adsorption
sites for CO, and the capacity follows the charge-to-diameter
0 ratio. However, the free volume of framework will become
predominant with increasing pressure and Mg-rho-ZMOF appears
to possess the highest saturation capacity. Furthermore, the
adsorption selectivity of CO,/H, mixture will increases as Cs* <
Rb'< K< Na'< Ca** < Mg”" =~ AI’*. This work suggests that the
s performance of ionic rho-ZMOF can be tailored by cations.
Xiang et al.'® also demonstrated that the CO, capture capacity of
MOF can be improved by doping certain amount of Li'. Recently,
Li et al."™ prepared a Zn doped Ni-ZIF-8 nanocomposite with
high stability and good CO, capture performance (4.25 mmol g’
70 at 0 °C and 1 bar).

d)
[Culpcp)ln

Figure 5. (a) Schematic drawing of the P,P9-diphenyl-
diphosphinic acid (H, pcp); (b) view of the tubes of 1 packing
75 perpendicular to the ¢ axis (right). Solvent water molecules have
been removed for the sake of clarity. The separation of the tubes
is enhanced with respect to the real crystal structure in order to
highlight the discrete 1D units; (c) a portion of the structure of 1
showing the copper coordination and the pcp bridging mode; (d)
so schematic representation of the building up of the tube where the
blue lines are the pillar [Cu(pcp)], polymer connected by
bipyridines(green segments). Color code: Cu = light blue, P =
purple, O = red, N =blue; (e) a single tube viewed along the c axis.

The yellow surface inside is the solvent accessible volume.'””
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For MOFs-based CO, adsorbents, one problem is that their
CO, adsorption capacities are usually not fully utilized at low
pressures, particularly below 0.15 bar. One promising solution to
this problem is to modify MOFs with amines, carboxyl groups, or
some other polar groups. Up to date, various basic amine groups
including EDA,'® 4-picolylamine, 3-picolylamine, %
dimethylacetamide,187 acylamide,188 PEL'® etc. have been
employed for the purpose. However, although these basic amine
groups seem to interact with acidic CO, molecules strongly, the
amine-functionalized MOFs are not very successful in CO,
capture. It is believed that the covalent grafting of amine groups
onto the aromatic rings in MOFs cannot significantly enhance the
affinity of amino groups to CO, because of the electron
withdrawing effect of benzene ring; while the incorporation of
diamine to the open metal sites of MOFs provides a much better
CO, capture performance at low pressures. '°*'*' The open metal
sites can anchor one end of the diamine groups and leave the
other end (alkylamines) available to capture CO,. Believing that
impregnation of poly-alkylamines onto MOFs might afford more
active amine groups than diamines and maintain the strong
interaction between CO, and alkylamine groups, Lin et al.'®
studied the PEI incorporated MOF for CO, capture. At 100 wt%
PEI loading, the CO, adsorption capacity at 0.15 bar reached a
very competitive value of 4.2 mmol g”' at 25 °C, and 3.4 mmol g
at 50 °C, with a high CO,/N, selectivity up to 770 at 25 °C, and
1200 at 50 °C."* Si et al.'”” reported that the structure transition
of flexible MOF (MIL-53) could be adjusted by confinement of
BNH, into MIL-53 channels, which yielded a CO, adsorption
capacity of 4.5 mmol g ' at 0 °C and 1 bar. Recently, Hu et al.'”*
synthesized a series of alkylamine tethered MIL-101. Grafting
alkylamine onto the exposed Cry; centers offered new binding
sites and strong interaction with CO, molecules and endowed
MIL-101 with dramatically enhanced CO, uptake capacity and
significantly lowered N, uptake capacity at low pressures. The
trend of enhancement in CO, uptake in terms of tethered
alkylamine is DETA > ED = 3,3’-diaminodipropylamine > 1-(2-
aminoethyl)piperazine whereas the pristine MIL-101 has the
lowest CO, uptake at 1 bar. MIL-101-DETA has the highest CO,
adsorption capacity of 3.56 mmol g at 23 °C and 1 bar. Xiang et
al." incorporated carboxyl groups into the MOF framework by
the post-synthetic modification approach. All the obtained MOFs
exhibited high CO, uptake, e.g., 19.8 mmol g ' at 18 bar. The
First-principles  calculations  validated the experimental
observation, suggesting that the polar carboxyl group may
outperform aromatic amine functionalities for CO, sorption at
low pressure. The data also indicated that the aromatic imino
group loses affinity toward CO, significantly, compared with the
aromatic amino group. It was believed that, besides the amino
groups, incorporating polar acidic'® or N-containing'®* '3
functionalities into the porous materials might provide an
alternative approach for enhancing CO, capture. To fully utilize
the MOF pore space effectively and improve gas adsorption
capacity, incorporation of some other materials such as graphite

55
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oxide'*® or carbon'®’ has also been explored.'*®

Another practical issue for MOF-based CO, adsorbents is the
effect of water. It is generally accepted that both the CO,
adsorption and the selectivity of MOFs decrease in the presence
of water, because water molecules compete with CO, for the
adsorption sites. Barbarao et al."®® reported that even with 0.1%
water in the CO,/CH4 mixture the CO,/CH, selectivity in rho-
ZMOF decreases by 1 order of magnitude. Yu et al.'”® evaluated
the effect of water on Mg-MOF-74 and found that the CO,
adsorption capacity decreased by the presence of water molecules
linked to coordinatively unsaturated metal sites. In order to
improve the water-resistant property, Yang et al.>*® synthesized a
water-stable Zr-based MOF containing two carboxylic functions
grafted on the organic linkers, which showed great promises for
CO,/N, gas mixture separation. It not only showed a very good
selectivity, relatively high working capacity, but also high water
stability. MOF-based adsorbents and their CO, capture
performance are summarized in Table 4.

Table 4. Summary of MOF-based CO, adsorbents and their performance in
CO; capture.

Schemes Materials CO; uptakes Refer
ences
Modification  Nis(BTC), 3.0mmol g ' at40°C, 1 6%
of metal sites bar
Selecting NJU-Bail2 238 mmol g 'at0°C,20 '7
proper organic bar
linker
PCN-124 9.1 mmol g 'at0°C, 1 bar '™
SNU-110 6.0 mmol g at -78 °C, 1 177
bar
Novel 1D-MOF 4.0 mmol g at -78°C, 1 179
structures bar
2D-MOF 29mmol g’ at0°C, 1 bar ¥
A core—shell MOF 4.1 mmol g’ at 0°C, 1 bar '
Metal ions  Zn(Il)-based MOFs 9.2 mmol g at -78°C, 1 178
doping bar

189

MOF with PEI 4.2 mmol g at 25 °C,

0.15 bar

Functionalisat
ion

4.5 mmol g ' at0°C, 1 179
bar.

MIL-53 with BNH,

193

MIL-101-DETA 3.6 mmol g ' at 23 °C, 1

bar
UMCM-1-NH,- 19.8 mmol g 'at25°C, 18 '
MA bar

1.1 mmol g " at 25 °C, 4 196

bar

Hybrid MOF-5/graphite

oxide
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HCM-Cu3(BTC),-3 2.8 mmol g ' at 25 °C, 1 K

bar

Zn doped Ni-ZIF-8 4.3 mmol g" at 0°C, 1 bar '’

w
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2.6 Silica-based adsorbents

Owing to its high surface area, large pore volume, narrow pore
size distribution, and excellent regeneration stability, silica
received considerable research interest on CO, capture.
According to literature, silica is mainly used as support, on which
amines are added for capturing CO,. Therefore, the research
activities on silica-based CO, adsorbents are mainly focused on
making different types of silicas (silica nanoparticles, silica
hollow sphere, silica nanotube, silica fume, mesocellular silica
foam, macroporous silica, aerogel, etc.) and choosing proper
amine groups.

Because substrates often account for above 90% of the
absolute sorbent preparation cost”®'?® and are commercially
unavailable, the cost-effective, porous and commercially
available silica materials thus have been intensively studied for
CO, capture in these years. Leal et al.’® functionalized the
surface of silica with aminosilane for CO, adsorption. After that,
adsorption of CO, on the surface of amine-functionalized
materials using various techniques, amine molecules and silicas,
was conducted.”® Recently, Du et al.> reported that rich amine
loaded nano-silica adsorbents could be prepared by using
polyacrylic acid (PAA) as a multi-functional bridge, which was
firstly immobilized onto the surface of silica nanoparticles. Each
carboxylic acid group was subsequently reacted with an amine
group of alkylamines, hence plenty of remained amines groups
could be coated onto silica nanoparticles. The result indicated that
SiO,—PAA-PEI adsorbent possessed a remarkably high CO,
uptake of approximately 3.8 mmol g' at 1 bar and 40 °C.
Goeppert et al.>”” reported PEI impregnated fumed silica as a
promising candidate for capturing CO, from dilute sources,
including the air, with a CO, capture capacity of 2.4 mmol g

1'208 1'205

Bai et al.”* and Yu et al.”” reported the silica hollow spheres
are promising support for loading amines for CO, capture as well.
By loading 50 wt% of TEPA, a high CO, adsorption amount of
4.4 mmol g' was achieved with bimodal meso-/macroporous
Si0, hollow sphere. Ko et al.”® prepared various amines (e.g.
primary, secondary, tertiary, di-, and tri-amines) immobilized
double-walled silica nanotubes (DWSNTs) for CO, capture
(Figure 6)*®. The amines on modified DWSNTs showed high
CO, capture capacity in the order of tri-, di-, primary, secondary,
and tertiaryamines, with the maximum capacity of 2.3 mmol g
Liu et al.>'° reported the use of amino-modifed silica fume as CO,
adsorbent. However, its CO, capture capacity was not high, only
ca. 1.3 mmol g'. Zhang et al?'' prepared PEI loaded
mesocellular silica foams with a wide range of pore volumes and
pore sizes, which achieved a CO, capture capacity of 6 mmol g’
at 85 °C and 1 bar.

For amine-functionalized CO, adsorbents, the thermal stability
is a severe issue that should be considered for practical

70 Q.

so applications, especially at high temperatures (>135 °C). To have

a clear understanding of the thermal stability and cyclic
adsorption capacity of PEI and TEPA loaded silica adsorbents, a
detailed study was performed by Zhao et al'”® At the
regeneration temperature of 105 °C over 10 cycles, the CO,

ss capacities of four types of amine-functionalized sorbents

remained stable, and the masses of the sorbents decreased by
5.1%, 0.6%, 0.2%, and 0.1% with increasing molecular weight of
amine, indicating that the PEIl-based sorbents had excellent
thermal stability. The thermal stability was also studied in a

0 fluidized bed at 140 °C for 100 h. The results indicated that the

thermal stability was much improved in the fluidized bed because
the atmosphere in the fluidized bed contained amine vapor, thus
inhibiting amine evaporation. This effective and simple method
was first proposed by Zhao et al.'”® to solve amine evaporation

6s issue by entraining some amine vapor into the reactor.

Another method for improving the thermal stability is to
introduce the amine groups via chemical grafting. Leal et al.”**
first reported the chemisorption of CO, on APS grafted silica gel.
However, the sorbent’s CO, adsorption capacity was low. Yao et
122 synthesized APS or 3-(2-aminoethylamino)-propyl-
dimethoxymethylsilane (APMS) grafted mesocellular silica
foams, which achieved a CO, adsorption capacity of 1.54 mmol
g with 10% (v/v) CO, in N, at 60 °C. Liu et al.** synthesized
new covalently tethered CO, adsorbents through the in situ

75 polymerization of N-carboxyanhydride of L-alanine from amine-

functionalized macroporous silica. This adsorbent showed a high
CO, adsorption capacity of 3.86 mmol g at 50 °C and 1 bar, and
good stability over 120 adsorption-desorption cycles. Silica-based
adsorbents and their CO, capture performance are summarized in

so Table 5.

19,2°, 39, di-
and tri-amines

|
= | o

amines immobilized -DWSNT

1) 4)
% \} 1°amine // \0 y di-amine
‘/// o.:SI_/"\/NH? O__:Si_/\vﬂ SN
=] o
o3 DWSNT-NHy //// ! DWSNT-NH-{CHg)s-NH3
DWSNT
2) 5)
// \0 'rj 2°amine // \(:> & Iri-ﬂmiﬂe.
op—"" OB — NN
o o H
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\
O,
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o
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Figure 6. Schematic of primary, secondary, tertiary, di-, and tri-
aminosilanes immobilized DWSNTSs and their nomenclature.*”
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Table 5. Summary of silica-based CO, adsorbents and their performance in
CO; capture.

specific mesopore surface areas up to 250 m? g’ were achieved,
with a CO, uptake of 1.6 mmol g at 0 °C.

Silica types  Surface CO: uptakes Refer HCPs represent a family of robust microporous organic
modifications ences

Convention  PAA modified 38 mmol g at 40 °C, 1 materials that can exhibit high surface areas up to 2000 m* g™ %>

al silica bar 35 26 These materials show excellent chemical robustness and

scalability. Moreover, they are quite readily produced on a large

PEI modified 24 mmol g' at 25 °C, 1 2 scale. Comparing with other materials, the relative low heat of

bar adsorption is another distinct advantage of HCPs. The most

i TEPA modified B . 20 extensively studied HCPs are based on a polystyrene network.

h<1>111(; aw modihie ‘;:; mmol g= at 110 °C, 1 40 Hyper-cross-linked polystyrene has shown high CO, adsorption

sphere capacity (ca. 1.6 mmol g) at low pressures which renders it a

208 promising material for selective CO,/CH, separation.?'® Martin et

APTES & BTME o . .
al.”® prepared a series of HCPs by copolymerisation of p-

1.7 mmol g at 0°C, 1 bar

modified

dichloroxylene and 4,4’-bis(chloromethyl)-1,1’-biphenyl,which
MCFs PEI modified 6.0 mmol g at 85 °C, 1 bar ~ *!' 45 constitute a family of low density porous materials with excellent
textural development. The maximum CO, capture capacity of
Silica Tem.aryamines 23 mmol g at 25 °C, 1 ¥ these materials at 25 °C was 1.7 and 13.4 mmol g at 1 and 30

nanotube modified bar . . . .
bar, respectively. This type of material was believed to be
Silica fume  Amino-modified 1.3 mmol ¢ at 30 °C, 1 2 superior to zeolite-based materials (zeolite 13X, zeolite NaX) and
bar so commercial activated carbons.*'® In addition, these polymers
have low isosteric heats of CO, adsorption and good selectivity
Chemical APS grafted 0.7 mmol g at 27 °C, 1 bar > towards CO,. Luo et al.*'® prepared microporous heterocyclic
grafting polymers via crosslinking the aromatic heterocyclic molecules.

APMS grafted 2.0 mmol g at 60 °C, 1 bar 2"

Compared to the other CO, capture materials, these microporous

ss materials are more economical at larger scale production and
show a remarkable CO, adsorption capacities (2.9 mmol g at 0
°C and 1 bar.), which are comparable or even higher than those of
amine- or carboxylic acid-functionalized materials.

APTMS and poly-L- 3.9 mmol g at 50 °C, 1 bar  ***

alanine co-grafted

2.7 Polymer-based adsorbents
CMPs are a new class of porous materials possessing extended
6 M-conjugation in an amorphous organic framework. Owing to the
high flexibility in the selection and design of building blocks and
the available control on pore parameters, these polymers can be
tailored for use in various applications, such as gas storage,
electronics and catalysis.”*! The porous structures of CMPs can
6s be incorporated with a range of chemical functionalities including
carboxylic acids, amines, hydroxyl groups, and methyl groups,

Porous polymers, which combine high internal surface area with
the synthetic diversity of polymers, have gained an enormous and
increasing interest because of their flexibility in structural
modification, light weight and high thermal stability. Particularly,
porous polymers are promising alternative to the extensively
investigated porous inorganic and hybrid materials for CO,
capture. High CO, gas uptakes and good CO, selectivities under

o

s

@

S

ambient conditions in a reversible adsorption process are
characteristic features for several porous polymers.?'* Up to date,
the porous polymers that have been studied for CO, capture can
be generally categorized into eight groups, which are (1) porous
melamine formaldehyde (MF),?"® (2) hypercrosslinked polymers
(HCPs),2'**"” (3) conjugated microporous polymers (CMPs),?""
22 (4) polymers with intrinsic microporosity (PIMs),2*2% (5)
polymer with porous aromatic framework (PAF), "% (6)
covalent organic polymers (COP),>'® 2! 22 (7) polymer with
covalent triazine-based framework (CTF),?'* 23 and (8)
molecularly imprinted polymer (MIP),** and so on. The
synthesis and CO, capture behaviors of all the above mentioned
porous polymers will be discussed in detail below.

Melamine—formaldehyde (MF) resins, a type of well-known
and large scale produced product, has been regarded as cheap and
easily available materials for CO, adsorption. To fully utilize the
surface functional groups of MF, the creation of pores in MF is
highly desired. Wilke et al?' reported that meso- and
microporous melamine resins can be synthesized via hard
30 templating of silica nanoparticles. Porosities of up to 61% and

-
S

enabling these materials suitable for CO, capture.”?" *** For
instance, Dawson et al.”?* synthesized carboxylic acid- and
amine-functionalized CMP networks, CMP-1-COOH and CMP-
1-NH,, and found that CMP-1-COOH showed a higher CO,
uptake than the non-functionalized sample. The experimental
isosteric heats showed the following order in terms of the
appended functional groups: -COOH > (OH), > NH, > H >
(CHs),. Chen et al.?*° designed a novel kind of functional organic
microporous polymers by introducing polar organic groups (P=0O
and P=S) and electron-rich heterocyclic into the framework to
obtain high CO, capture capacity. The measured specific surface
areas of these polymers were about 600 m* g”' and the highest
CO, uptake was 2.26 mmol g™' (0 °C and 1.0 bar). Interestingly,
the polymer containing P=O groups shows greater CO, capture
capacity than that containing P=S groups at the same temperature.
In addition, these polymers show high isosteric heats of CO,
adsorption (28.6 kJ mol "), which are competitive to those of
some nitrogen-rich networks. Xie et al.?' synthesized a new

ss porous organic polymer, SNU-C1, by incorporating two different

CO,-attracting groups, namely, carboxy and triazole groups. By

This journal is © The Royal Society of Chemistry [year]
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activating SNU-C1 with two different methods, vacuum drying
and supercritical-CO, treatment, the guest-free phases, SNU-C1-
va and SNU-Cl-sca, respectively, were obtained. At 25 °C and 1
bar, SNU-C1-va and SNU-Cl1-sca had high CO, uptakes of 2.31
mmol g and 3.14 mmol g, respectively, probably due to the
presence of abundant polar groups (carboxy and triazole) exposed
on the pore surfaces. Recently, Xie et al.”*' reported a novel class
of cobalt/aluminium-coordinated CMPs that exhibited not only
outstanding CO, capture capacity, but also CO, conversion
performance at atmospheric pressure and room temperature. The
measured CO, adsorption capacities of these polymers were ~1.8
mmol g at 25 °C and 1 bar comparable to those of MOFs. The
cobalt-coordinated conjugated microporous polymers can also
simultaneously function as heterogeneous catalysts for the
reaction of CO, and propylene oxide at atmospheric pressure and
room temperature, in which the polymers demonstrate better
efficiency than a homogeneous salen-cobalt catalyst. By
combining the functions of gas storage and catalysts, a direction
cost-effective CO, reduction processes becomes possible.

Among microporous polymers, PIMs are of great interest
because of their relatively slow physical aging, good solubility,
high gas permeability and selectivity.>*” *® Generally, PIMs have
a structural combination of rigid ladder-like backbones with sites
of contortion, which prevent intra- and/or inter-chain packing and
create a large amount of free-volume elements at the same time.
Luo et al.**® synthesized a series of porous polyimides with
relatively high BET surface area and a CO, uptake of 1.7 mmol g
"at 0 °C and 1 bar by polycondensation of melamine and several
readily available dianhydride monomers.”*® The relatively low
price and nontoxic nature make this material promising for CO,
capture.

Owing to the ultrahigh surface area and high physicochemical
stability, PAFs are amongst the main candidate materials for gas
storage and capture. In CO, capture, there is inevitably the
presence of water or water vapor, thus the hydrothermal stability
of a CO,-sorbent is essential for its large-scale application. Ben et
al.?® reported a series of PAFs, which maintained their original
porosity even after boiling in water and 1M HCI for 7 days. PAF-

1 showed a high CO, uptake of 29.5 mmol g at 25 °C and 40 bar.

Later on, a series of PAFs were prepared by a Yamamoto-type
Ullmann reaction containing quadricovalent Si (PAF-3) and Ge
(PAF-4).”2® These materials are thermally stable up to 465 °C for
PAF-3 and 443 °C for PAF-4. Gas uptake experiments at low
pressure showed that PAF-3 has the highest heat of adsorption of
CO, (19.2 kI mol™).** Recently, the same group reported a series
of carbonized PAF-1s with enhanced gas storage capacities and
isosteric heats of adsorption. Especially, PAF-1-450 showed an
adsorption capacity of 4.5 mmol g at 0 °C and 1 bar. Moreover,
it also exhibited excellent CO,/N, and CO,/CH, adsorption
selectivity. In addition, these carbonized PAF-1s possess high
physicochemical stability. Practical applications in capture of
CO, lie well within the realm of possibility.”*° By reaction with
chlorosulfonic acid, PPN-6 was modified to give PPN-6-SOsH,
which was further neutralized to produce PPN-6-SOsLi by Lu et
ss al. 28, At 22 °C and 1 bar, the measured CO, uptakes of PPN-6-
SO;H (3.6 mmol g"') and PPN-6-SO;Li (3.7 mmol g') were

a5

a

much higher than that of nongrafted PPN-6 (1.2 mmol g").
Compared with that of PPN-6-SOsH, the initial CO, uptake for
PPN-6-SOsLi is more pronounced; the Li* cation in -SO;Li has
up to three open coordination sites after full activation, which
results in stronger interactions with CO, molecules.””® Li et al.>*
explored the performance of designed PAFs using grand
canonical Monte Carlo simulations and ab initio calculations, and
the results showed that pyridine with one nitrogen atom can
provide a strong physisorption site for CO,, whereas more
nitrogen atoms in heterocycles will reduce the interaction,
especially at relatively low pressure. It was found that the -
COOH group in PAFs plays a key role in holding CO, rather than
the -NH, group.

COPs are another group of porous polymers that show
promising potential for CO, capture due to high hydrothermal
stability and BET specific surface area. Xiang et al.?!
synthesized a series of COPs for the adsorption of H,, CO,, CHy,
N, and O,. The CO, takeup reached 13.5 mmol g at 25 °C and
18 bar. COP-1 also exhibited significantly higher selectivity than
COP-2, 3 and 4, due to its smaller pore size. Furthermore, these
COPs also showed robust capabilities for the removal of CO,
from natural gas. In order to enhance the gas adsorption
properties of the COP-1 material, Xiang et al.>*° proposed a novel
lithium-decorating approach in which the alkynyl functionalities
in COP-1 were postsynthetically converted to lithium carboxylate
groups with the aid of dry ultrapure CO,. After such modification,
the CO, uptake in Li@COP-1 was increased from 4.4 to 5 mmol
g ' at 25 °C and 18 bar.

Additionally, some other types of porous materials such as
triazine-based and molecularly imprinted polymers, etc., are also
promising for CO, capture. Liebl et al?'* synthesized seven
triazine-based porous polyimide (TPI) polymer networks for CO,
capture. A high CO, uptake of 2.45 mmol g~' was obtained at 0
°C and 1 bar. It was found that the high degree of
functionalization led to comparatively high CO, adsorption heats
for TPI polymer networks between 29 and 34 kJ mol™'. As a
result, the TPI networks showed high CO, uptakes relative to
their moderate BET equivalent surface areas. Zhao et al.?*
synthesized a series of molecularly imprinted adsorbents for CO,
capture by molecular self-assembly procedures. Among them, the
sample with higher amine content exhibited the highest CO,
capacity, which maintained steady after 50 adsorption—desorption
cycles. The CO, adsorption mechanism of molecularly imprinted
adsorbents was determined to be physical sorption according to
the adsorption enthalpies integrated from the DSC heat flow
profiles. The calculated separation factors of CO, under 15%
C0,/85% N, atmosphere were above 100 for all these adsorbents.
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Figure 7. A summary of all the studied porous polymers and the
possible modifications for CO, capture.

In short, porous polymers have attracted great attention for the
low temperature CO, capture/separation mainly due to their high
surface area and synthetic diversity. All the efforts made to
improve the related to porous polymer-based CO, adsorbent can
be briefly summarized in Figure 7, which can be divided into
three main parts: (1) the major one is to change the compositions
of polymer framework including HCP, CMP, COP, PAF, PIM,
CTF, MF, and so on, (2) the second one is to tune the pore size
and specific surface area of the obtained porous polymers, and (3)
the third one is to do surface modifications with various groups
including COOH, NH,, P=0, P=S, SOsLi, SO;H, Li", etc. For the
further work, two technical problems should be overcome. One is
hydrothermal stability of the adsorbents, and the other one is the
adsorption/desorption cyclability. Polymer-based adsorbents and
their CO, capture performance are summarized in Table 6.

Table 6. Summary of polymer-based CO, adsorbents and their performance in
CO; capture.

Polymer Materials CO, uptakes Refer
types ences
MF Meso- and 1.6 mmol g at 0 °C, Ibar -
microporous MF
resins
HCPs HCPs 13.4 mmol g at 25 °C, 1bar 216
Microporous 2.9 mmol g at 0 °C, Ibar 218
heterocyclic
polymers

223

CMPs CMP-1-COOH, 1.2 mmol g'l at 25 °C, 1 bar
CMP-1-NH,
CMP with P=O and 2.3 mmol g ' at 0 °C, 1 bar 20
P=S groups
SNU-Cl-va, SNU- 3.1 mmol g at 25 °C, 1 bar 21
Cl-sca
Co or Al 1.8 mmol g at 25 °C, 1 bar 241
coordinated CMPs
PIMs Porous polyimide 1.7 mmol g at 0 °C, 1 bar 226
PAFs PAF-1 29.5mmol g at 25 °C, 40 bar ~ **
PAF-1 4.5 mmol g at 0 °C, 1 bar 20
PPN-6-SO;Li 3.7 mmol g™ at 22 °C, 1 bar 243
PAF-N4 60.0 mmol g at 25 °C, 11 bar ~ **
COPs COP-1 13.5 mmol g at 25 °C, 18 bar '
Li@COP-1 5mmol g ' at 25 °C, 18 bar 240
CTFs TPI 2.45 mmol g ' at 0 °C, 1 bar 214
MIPs MIP1b 0.48 mmol g ' at 60 °C, 1 bar 234

4
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2.8 Clay-based adsorbents

Clay is a general term for a single clay mineral or combination
containing one more clay minerals with trace amounts of metal
oxides and organic matter.*** Geologic clay deposits are mostly
composed of phyllosilicate minerals containing variable amounts
of water trapped in the mineral structure. Acting as a solid
sorbent, clay has many advantages: low cost, high surface area,”*
high mechanical and chemical stability, relative easiness in
availability, regeneration and production in large enough
quantities. The use of clay for CO, capture has also attracted
some attention recently. Up to date, there are mainly two main
kinds of clays, montmorillonite and bentonite, that have been
studied for CO, capture.

Montmorillonite is a natural inorganic material with a general
chemical structure of (OH),Sig(Aly Mg,)Os. The crystal
structure of montmorillonite consists of two-dimensional layers
formed by an octahedral sheet sandwiched between two opposing
tetrahedral sheets. As a kind of clay, it has all the merits of clay
and is widely studied as an adsorbent or catalyst support.”*’ In
order to be used for CO, capture, the montmorillonites have to be
modified with amines, diamines, polyamines or polyoldendrimers,
etc. When CO,-containing gas is passed through a bed of this
adsorbent, the immobilized amine reacts with CO, forming
carbamates, resulting in CO, capture.”*® Stevens et al. >’
synthesized diamine modified montmorillonite via water aided
exfoliation and grafting route. The material achieved a CO,
adsorption capacity of 2.4 mmol g at 100 °C in pure CO, which
is predominately associated with chemisorption. The maximum
CO, adsorption capacity in 15% CO, in N, was 1.8 mmol g at
95 °C. Roth et al>*® treated montmorillonite nanoclay with

This journal is © The Royal Society of Chemistry [year]
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aminopropyltrimethoxysilane (APTMS) and PEI for CO, capture.
The untreated nanoclay had very low CO, capture, but it was
considerably increased after doping with amines, particularly
with both APTMS and PEIL. CO, sorption tests showed fast
sorption kinetics and capture capacities as high as 1.7 mmol g™ at
1 bar and about 3.9 mmol g’ at ca. 20 bar in the temperature
range of 75—85 °C. The regeneration of these nanoclays could be
achieved using nitrogen at 100 °C or CO, (dry or humid) at
155 °C as the sweep gases. Furthermore, pressure swing
operation, employing vacuum at 85 °C, was proven effective in
regenerating the adsorbent. This work showed that amine-
modified montmorillonite nanoclay has the potential to be a high
performing solid adsorbent for CO, capture. Azzouz et al.**
studied the CO, capture capacity of montmorillonite intercalated
with three soya oil-derived polyglycerol dendrimers with average
molecular weights of 500, 1100, and 1700, respectively. It was
concluded that intercalation of montmorillonite with polyglycerol
dendrimers provided expanded effective adsorbents acting via
weak base-like character for the reversible retention of CO,. This
behavior was similar to that observed with polyol-intercalated
montmorillonite, confirming once again that the OH groups
grafted on the dendritic moiety act as the main adsorption site. In
the absence of diffusion hindrance, all organoclays displayed
affinity toward CO, with adsorption capacity of up to 0.012-
0.016 mmol g ', but with much lower desorption temperatures as
compared to amine-based adsorbents. As a common feature of
polyalcohol-montmorillonites, these adsorbents exhibited
optimum adsorptive properties resulting from a judicious
compromise between the highest adsorption capacities and the
lowest desorption temperatures. It opens a new prospect in
reducing the greenhouse effect by valorizing natural and eco-
friendly materials as valuable adsorbents with high levels of
regeneration ability and re-usability.

Bentonite is another common raw clay material that has been
studied for CO, capture. The inner layer is composed of one
octahedral alumina sheet placed between two tetrahedral silica
sheets. Due to the isomorphous substitutions within the layers of
AP for Si*', the surface of bentonite is negatively charged.”*
The sorption features over clay are believed to be related to the
nature of the parent clay, and an attempt to rationalize the fact
was made by considering the Si/Al ratio, together with textural
characteristics.>' Chen et al.>> studied the CO, capture capacity
of PEI modified bentonite. The results showed that bentonite in
its natural state showed negligible CO, uptake. After amine
modification, the CO, uptake increased significantly from 0.14 to
1.1 mmol g"'. The PEI-modified bentonites showed high CO,
capture selectivity over N,, and exhibited excellent stability in
cyclic CO, adsorption runs. However, owing to smaller pore
volume, the CO, uptake of PEI-modified bentonite was lower
than those usually achieved by PEI-impregnated mesoporous
silicas. In order to deal with this problem, Wang et al.>** used
sulfuric acid treatment, the textural properties, in particular, pore
volume and surface area of bentonite, were significantly
improved. With the maximum TEPA loading of 50 wt%, the
maximum CO, breakthrough sorption capacity reached 3 mmol g’
'"at 75 °C under a dry condition. With the addition of 18%
moisture to the simulated flue gas, the CO, sorption capacity

S
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could be increased to 3 mmol g™’ due to the bicarbonate formation
under a wet condition. In addition, these adsorbents showed a
good regeneration ability and thermal stability below 130 °C.

2.9 Alkali metal carbonate-based adsorbents

With both high sorption capacity and low cost, it is not strange
that alkaline metal carbonate solids such as K,CO; and Na,CO;
have been paid with attention for CO, capture application in the
last several years.>***" Alkali metal carbonates are suitable for
the treatment of flue gases at temperatures below 200 °C.2%% 2%
Typically their CO, capture takes place within the temperature
range of 50-100 °C, while regeneration occurs in the range of
120-200 °C, enabling them potentially applicable to the capture
of CO, from existing fossil fuel-fired power plants. However, as
pointed out in our previous review paper,’ the main problems for
this type sorbents are the slow carbonation reaction rate, poor
durability, and temperature limitation, etc.

Prior to 2011, many attempts have been made to resolve the
above mentioned problems by dispersing active Na,CO3/K,COs
on supports such as Al,Os, active carbon, TiO,, SiO,, MgO, ZrO,,
etc., so as to enhance the adsorption rate and provide the required
attrition resistance in the fluid-bed or transport reactors.?***®, In
the past three years, similar research efforts have been continued.
Wu et al.’’ investigated the CO, capture performance of
K,CO5/Al,0; in a continuous CO, sorption—desorption system
equipped with three fluidized-bed reactors (two carbonation
reactors and one regeneration reactor). The first step of CO,
removal was higher than 75%, and the total CO, removal reached
96% after further sorption in the second step, and it finally
reached a fairly constant state. In addition, the CO, removal
increased with the increase in regeneration temperature, H,O
concentration, and solid circulation, but opposite effect was
observed with the increase in carbonation temperature, CO,
concentration, and fluidization number. After optimizing the
operation parameters, the CO, removal could reach above 85%.
Dong et al.”®® found that both the adsorption capacity and rate can
be improved by doping 1-3 wt% of TiO, on K,CO;3/Al,05;. Wu et
al.2® found that adding Ca(OH), to K,CO3/Al,O;3 can not only
increase the CO, capture capacity, but also improve its SO,
resistance. Derevschikov et al.2® reported that Y,O; could be
used as potential support instead of Al,O; for dispersing K,COs.

In order to further improve the durability, Kondakindi et al.””
proposed a method of coating Na,COs/Al,O5 sorbents on metal
foils. The results indicated that Na,CO;/Al,O3 powders showed
better performance compared to those of foil samples, but 35 wt%
Na,CO3/Al,O3 sorbent coated on foil showed the highest
performance (7.7 mmol g'). Several foil samples were run
through durability tests and showed a loss of about 15% of their
capacity through the first 15-20 cycles, and 40-50% loss through
500 cycles. Even after 500 cycles, the coated foil sorbent still
showed CO, capture performance that could be economically
competitive with the current existing methods. For alkali
carbonate sorbents, the kinetics of CO, sorption and desorption
has also been investigated.””"*’* In addition to alkali carbonates,
NaOH was investigated for CO, capture as well.*”® The results
revealed that for the high CO, removal rate, there was an optimal
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temperature range of 3045 °C. Cyclic tests for fine and coarse
particles indicated a reduction in reaction rate order after each
cycle due to an increase in the reaction product layer thickness,
formed on the sorbent.

2.10 Immobilized ionic liquid-based adsorbents

Ionic liquids (ILs) are salts that consist exclusively ofions and
short-lived ion pairs, and have a melting points lower than 100
°C.** Because ILs have negligible volatility, nonflammable
ability, high thermal stability, virtually unlimited chemical
tenability and high CO, solubility, they have been proposed as
attractive alternatives for CO, capture.””>?”” Blanchard et al.”’®
first observed that significant amounts of CO, could be dissolved
in imidazolium-based ILs to facilitate the extraction of a
dissolved product, without contaminating the product with IL,
because IL was insoluble in CO,. Their study initiated an
explosion of interest on CO, absorption with ILs, leading to a
rapid growth of research activities on this specific topic.”” The
concept of absorption of CO, in ILs based on their unique
properties providing extra advantages over the traditional
processes, including a high level of CO, absorption, while the co-
absorption of hydrocarbons and corrosion problems are
significantly minimized. However, there are two major problems
associated with the use of neat ILs for CO, capture, which are the
cost and the relatively high viscosity. The later will result in low
sorption and desorption rates and might limit their eventual use in
large-scale CO, gas removal 12,278,280, 281 1y addition, IL is liquid,
lack of mechanical strength. To overcome the above mentioned
difficulties, several strategies have been explored, including (1)
supporting ILs (SILs) on a solid porous support such as
membranes, metal organic frameworks (MOFs), and nanoporous
polymers, etc, (2) pyridine-containing anion-functionalization,
and (3) making ILs in the polymeric form.

One of the innovative developments is new types of membrane
systems such as immobilized ionic liquid membranes or
supported ionic liquid membranes (SILMs). SILMs consist of an
ionic liquid immobilized in a supporting porous membrane by
capillary forces.”®* Gas transport in supported liquid membranes
through the dissolution-diffusion mechanism. Gas
molecules on the inlet absorb into the liquid, diffuse across the
membrane, and desorb at the permeate site.”®® Moreover, thermal
stability, low volatility and high surface tension make membranes
containing ILs more stable than supported liquid membranes.
And they also can be regenerated and reused. Hence, the SILMs
have been regarding as a promising material for CO, capture.**
8 Compared to neat ILs, SILMs not only reduce the cost and
viscosity of ILs, but also enhance mechanical strength and
separation efficiency.”® For immobilization purposes, not only
traditional ionic liquids®™’ but also amine-terminated ILs can be
applied.”®® Particularly, the amine moiety of these task-specific
ILs facilitates selective transport of CO,.”*® Bara et al.”® prepared
a membrane using gemini ILs and demonstrated several gas
separations. The ability to functionalize ILs and modify their
properties was further demonstrated by the incorporation of polar
substituents that provide enhanced interactions with CO,.

occurs

MOFs seem to be promising supports for ILs because their

o
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pore size, volume, and functionality of MOFs are readily tunable
in a rational manner,”*® which lead to their wider application and
increased efficiency for CO, capture. Chen et al.*' first studied
MOF-supported ILs by means of computational methods. It was
observed that with increasing the concentration of ILs, the
molecules in pores were more uniform and ordered. Therefore,
the amount of ionic absorption sites and selectivity could be
increased with the increase in IL:MOF ratio. Since a great
number of ILs as well as MOFs exist, this research area has a
great potential in terms of identifying a proper CO, capturing
adsorbent.®* *** Some nanoporous polymer microspheres have
also been used as support for ILs. For example, Wang et al.>*
synthesized three 1-ethyl-3-methylimidazolium amino acide
([EMIM][AA])-type amino acid ILs (AAIL) and immobilized
them into nanoporouspoly(methyl methacrylate) (PMMA)
microspheres (see Figure 8(a)) for CO, removal. The sorbents
retained the highly porous structures after AAIL loading and
exhibited fast kinetics as well as reasonably high sorption
capacity, and could be easily regenerated and reused. As shown
in Figure 8(b), the resultant [EMIM][AA]-PMMA sorbents could
overcome the high viscosities of the [EMIM][AA]s such that the
resultant sorbents exhibited a dramatically enhanced sorption rate
(CO, adsorption equilibriums could be reached in less than 15
min) due to the high mass transfer area of AAILs after
immobilization. When exposed to CO, at 40 °C, the adsorption
capacity of [EMIM][Arg], [EMIM] [Ala], and [EMIM][Gly] was
1.01, 1.38, and 1.53 mmol g, respectively. And they also
synthesized 1-ethyl-3-methylimidazoliumlysine ([EMIM][Lys])
and immobilized it in a porous PMMA microsphere support for
post-combustion CO, capture, exhibited a high CO, capacity of

1.67 mmol g **

Luo et al.*>* developed a new method for capturing CO, using
several pyridine-containing anion-functionalized ILs, which
include two kinds of interacting sites, by cooperative interactions.
A high capacity up to 1.60 mol CO, per mol IL and excellent
reversibility were achieved by introducing a nitrogen-based
interacting site on the phenolate and imidazolate anion. It was
found that the multiple site cooperative interaction between two
kinds of interacting sites in the anion resulted in superior CO,
capacities, which originated from the m-electron delocalization
that increased Mulliken atomic charge of the nitrogen atom.

This journal is © The Royal Society of Chemistry [year]
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Figure 8. (a) Diagram of synthesis and immobilization of
functional EMIM][AA] for CO, capture. (b) CO,
adsorption/desorption of three different sorbents [EMIM][AA]-

PMMA (with an [EMIM][AA] loading of 50 wt% in the sorbents).

The inset shows the photo-image of as-prepared [EMIM][AA]-
PMMA sorbents.”*

It is discovered that conversion of ionic monomers into
polymeric forms could increase the CO, capture efficiency as
compared to the room-temperature ILs. Over these poly(ionic
liquid)s (PILs), the sorption-desorption rates become faster and
the processes are completely reversible.”> 2 Moreover,
comparing to the corresponding monomers, both the CO,
sorption capacity®® *** and the selectivity in terms of separation
of CO, from mixtures of N,/CO,, CHy/CO, and O,/CO,**3! are
improved. Further fabrication of the membranes made of PILs
can lead to much enhanced mechanical strength as compared to
SILMs. For example, the CO, sorption capacities of
tetraalkylammonium-based ILs polymers are 6.0—7.6 times higher
than that of the room-temperature ILs, which are also
significantly higher than those of the polymer solids such as poly-
methacrylates, polystyrene and polycarbonates.**>*% In addition,
it has be experimentally proved that the desorption of CO, from
PILs is also fast. Privalova et al.”*® studied the imidazolium-based
PILs that consist of poly[2-(1-butylimidazolium-3-yl)ethyl
methacrylate] (BIEMA) cation coupled with different counter
anions as CO, sorbents. An increase in the molecular weight
slightly enhanced the CO, capture capacity, and the only
exception was observed for Br—containing PILs. Moreover, as
CO, capture and release can be performed at room temperature,
no additional heat supply is required for the process. This study
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uncovers new opportunities for developing alternative CO,
capture materials with tunable properties and recyclability, which
can be considered as additional options for CO, mitigation
methods.

2.11. Other low-temperature adsorbents

There are some other novel low-temperature adsorbents such as
boron nitride (BN), alkali metasilicate, magadiite, which have not
been reported prior to 2011.° Based on the fact that nitrogen
atoms incorporated in a system can act as Lewis base sites for
CO, chemisorption, the potential application of boron nitride for
CO, capture and storage thus has gained attention recently.**>%
In 2011, Jiao et al.*® and Choi et al.** almost simultaneously
reported the CO, capture by boron nitride materials. Jiao et al.**®
studied the CO, capture and activation over graphene-like boron
nitride (g-BN) with boron vacancy using density functional
theory (DFT), and found that CO, can be captured and activated
by g-BN with a boron vacancy, followed with dissociation to
produce lattice-embedded carbon and surface-adsorbed molecular
oxygen. From ab initio calculations, Choi et al.** reported strong
CO, adsorption on boron sites in boron-rich boron nitride
nanotube and found it could capture CO, effectively at ambient
conditions. Sun et al.** first demonstrated that by modifying the
charge state of the BN nanomaterials, adsorption/desorption of
CO, on BN nanosheets and nanotubes can be controlled and
reversed. Although many works have been performed on boron
nitride as CO, adsorbents, almost all of the reports, up to now, are
still based on theoretical calculations or simulations. To move
ahead, a proper design of suitable boron nitrides and the
evaluation of their CO, capture capacity experimentally are
highly demanded.

Although alkali silicates are generally regarded as high-
temperature CO, sorbents in the temperature range of 500-700 °C,
one special kind of alkali silicate, alkali metasilicate (M,SiO3
where M is Li, Na, K) has been demonstrated to adsorb CO, at
low temperatures (30—130 °C).>'**? Kalinkin et al.*' studied the
CO, sorption over M,SiO; (where M is Li, Na, K) in an
atmosphere of CO,. With identical amounts of energy supplied,
the CO,/M,SiO; molar ratio in the samples activated in the
medium of CO, increased in the order of Li < Na < K. Rodriguez
et al.*"! performed a thermo-kinetic analysis of CO, sorption over
Na,Si0; between room temperature and 130 °C. It was concluded
that the quantity of CO, absorbed is not high enough to utilize it
as CO, adsorbent. For alkali metalsilicates, the major problem is
that their CO, capture capacity is still too low to be practically
utilized at present. Vieira et al.>'> prepared a novel adsorbent
through the impregnation of PEI into the interlayer space of
layered silicate type magadiite and organo-magadiite. Magadiite
has an interlayer space that may be modified to diminish
diffusional restrictions and the host variable concentration of PEI.
These sorbents showed maximum adsorption capacity of 6.11
mmol g ' at 75 °C using 25 wt% impregnated PEL Clay-based,
alkali carbonate-based, and some other types of adsorbents and

ss their CO, capture performance are summarized in Table 7.
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Table 7. Summary of all clay-based, alkali carbonate-based, immobilized ionic
liquid-based, and some other types CO, adsorbents and their performance in

CO; capture.

Adsorbent Materials CO; uptakes Refer
types ences
Clay-based Diamine modified 2.4 mmol g at 100 °C,
adsorbents montmorillonite 1 bar
APTMS and PEI 3.9 mmol g” at 85 °C, **
modified 20 bar
montmorillonite
Polyglycerol dendrimers ~ 0.02 mmol g ' at room 2%
modifired temperature, 1 bar
montmorillonite
PEI modified bentonite 1.1 mmol g, at 75 °C, **
1 bar
TEPA modified 3.0 mmol g at 75 °C, **
bentonite 1 bar
Alkali 267
carbonate-
based TiO,-Doped 2.5 mmol g at 60 °C,
adsorbents K,CO5/ALOs 1 bar
K,CO3/Ca(OH),/y-ALO; 2.0 mmol g at 60 °C, '
1 bar
K,CO5/Y,05 0.6 mmol g‘1 at room 2%
temperature, 1 bar
Na,COs/AL,Os coated on 7.7 mmol of CO, per g 270
foil of Na,CO; at 150 °C, 1
bar
NaOH 25-3 mmol g' at 25 3
°C, 1 bar
Immobilized  [EMIM][Gly]-PMMA 1.7 mmol g' at 25 °C, **

ionic liquid-
based
adsorbents

Other
adsorbents

[EMIM][Lys]-PMMA

Pyridine-containing
anion-functionalized ILs

Imidazolium-based PILs

PEI modified Magadiite

Boron nitride
Boron nitride nanotube

Boron nitride

1 bar

1.7 mmol g at 40 °C,
1 bar

1.6 mol CO; per mol IL
at 20 °C, 1 bar

0.3 mmol g at 25 °C,
1 bar

6.1 mmol g at 75 °C,
1 bar

Not mentioned
Not mentioned

Not mentioned

316

295

296

313

305

309

306

3. Intermediate-temperature solid CO, sorbents
s 3.1 LDHs-based sorbents

LDHs derived mixed oxides have been recognized as the
important  intermediate-temperature  CO, sorbents.*'”*" In
general, LDHs derived mixed oxides possess both high surface
area and abundant basic sites, favorable for absorbing acidic CO,
10 at 200-400 °C.***32 Potentially LDHs-based CO, sorbents can
be used in the sorption enhanced water gas shift and biomass
reforming processes. Previously a lot of efforts were made to
improve the CO, capture capacity and the long-term stability of
LDHs-based sorbents. For Mg-Al-CO; LDH, the research focus
15 was on the synthetic conditions,** presence of SO, and H,0,***
operation pressures,’'” 32> 32 alkali (K, Cs) doping,*?”** particle
size,”*! and the uploading of LDHs on supports.®** 3 Later it was
shifted to modify the composition of Mg-Al-CO; LDH by
substituting either the CO,* anion, or the divalent and trivalent
2 cations of Mg®" and AI** with some other anions or cations.” In
the period of 2011 to 2014, the research activities mainly include
the following five aspects: (1) the intercalation of organic anions,
(2) the preparation of LDH based hybrid materials, (3) the control
of LDH particle size, (4) the method for alkali (Na, K, Cs) doping,
25 and (5) mechanism study.

Recently, Wang et al.*** demonstrated that the anions affect the
thermal stability and morphology, as well as the surface area of
LDHs, consequently influencing the CO, sorption capacity.
Among various LDHs, Mg;Al,—CO; showed the highest CO,

3 sorption capacity of 0.53 mmol g, which was much higher than
those of other LDHs with HCO;~, NO;~, SO,*, and CI” anions
(~0.2 mmol g"). Following this finding, Wang et al.*** first
reported the synthesis of highly efficient intermediate-
temperature CO, sorbents from organic anion-intercalated LDHs
(organo-LDHs). By intercalating long carbon-chain organic
anions (e.g. stearate) into LDHs, the CO, capture capacity was
markedly increased to 1.25 mmol g, which is 2.5 times higher
than that of traditional LDH-based sorbents (0.5 mmol g'). The
schematic illustration of the structural changes and the CO,
capture by Mg;Al;-CO; and Mg;Al,-stearate are shown in Figure
9. It is believed that the improved CO, capture capacity is due to
the following reasons: (1) the decomposition of long carbon-
chain anions cracks and splits the LDH plates and creates more
surface basicity (O%) sites; (2) the produced mixed metal oxide
4s mixture has a lower degree of crystallinity; and (3) the formed
quasi-amorphous structure is more stable than that from Mg;Al—
COs. Later Li et al.** synthesized the LDH-based precursor by
combining both long-carbon-chain stearic anion intercalation and
K surface promotion, and obtained a CO, capacity up to 1.93
so mmol g™ at 300 °C, 1.7 times higher than that of the conventional
K,CO;-promoted hydrotalcite sorbent (1.11 mmol g). The K ion
may enter the more spatial interlayer spacing of the stearate-
pillared LDH, leading to a better promotion effect of K by
forming weak surface chemical bonds.**® These increased K-
ss species locate on all accessible precursor surfaces forming denser
and better dispersed basic sites that can react with CO, after
calcination.
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Garcia-Gallastegui et al.*® synthesized LDH/GO hybrid for
CO, capture, and improved both the CO, sorption capacity and
o recyclability. In particular, the absolute CO, capture capacity of
the LDH was increased by over 60% using only 7 wt % GO as

This journal is © The Royal Society of Chemistry [year]
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the support. The synthesis and structure of LDH/graphene oxide
(GO) are illustrated in Figure 10. During the precipitation of
positively charged Mg-Al LDHs onto negatively charged GO, the
mutual electrostatic interactions drive the self-assembly of

s heterostructured nanohybrids in a “layer-by-layer” fashion.**’
The resultant LDH serves as a spacer to prevent aggregation of
individual graphene sheets, particularly after washing out the
highly oxidized debris in the GO sample by aqueous base. On the
other hand, the GO supports the LDH, improving its dispersion

10 and generating more active sites. Furthermore, based on the
compatible degree of surface charge, an in situ LDH precipitation
onto base-washed, oxidized, multi-walled carbon nanotubes
(MWNTs) was developed to fabricate hybrid materials.**®
MWNTs have an inert nanostructured network, which provides a

15 high surface area that can maximize the gas accessibility,
minimize the coarsening effects, and significantly increase the
stability of the LDH materials.
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Figure 9. The general schemes of the structural changes of (a)

20 Mg3Al-CO; and Mgz Al;-stearate into amorphous mixed oxides,
(b) Comparison of the CO, capture capacity of Mg;Al;-CO; and
Mg;Al;-stearate derived CO, sorbent.

LDHs have been extensively investigated for decades, and

»s many methods including co-precipitation,™® urea hydrolysis,**’
structure reconstruction,*® sol-gel,’*' ion exchange,*** and
reverse microemulsion®” have been employed. To increase the

crystalline degree or to control the morphology of LDHs, the
aging process can be further assisted by either hydrothermal
50 treatment,*** sonication,** or microwave irradiation.*® However,
due to the layered structural feature of LDH, it generally prefers
to form either “sand rose™*’ or “platelet-like*** morphologies.
Recently, Wang et al.**’ first synthesized nano-sized spherical
Mg;Al-CO3; LDHs with an average particle size of ca. 20 nm by
employing the isoelectric point (IEP) concept. Although the
nanospherical LDH only showed a slightly increase in CO,
capture capacity (0.58 mmol g') compared to the “sand rose”
LDH (0.53 mmol g"), the result clearly suggest that the
mesoporous structure and big pores of nanospherical LDHs are
40 favorable for the dispersion of doped K,CO; species. After
doping K,COs3, a much higher CO, capture capacity of 1.21 mmol
g than that of the conventional LDH (0.91 mmol g') was
obtained.

w
a

For the alkali metal carbonate promoted LDHs, most of the
45 previous work used K,CO; as K precursor and H,O as the solvent.
In a recent work, Wang et al.*** systematically investigated the
promoting effect of different alkali metal carbonates such as
Li,CO;, Na,COj3, Rb,COs3, and Cs,COs, and of the solvents. The
sample doped with Li,CO; showed the highest CO, capture
capacity (1.05 mmol g) at 400 °C and 1 bar, followed by K,CO;
(0.96 mmol g), Na,CO5 (0.83 mmol g™'), Rb,CO; (0.79 mmol g
", and Cs,CO; (0.75 mmol g') doped samples, suggesting that,
with the same weight loading, Li,CO; has an even better
promotion effect than K,CO;. In addition, the solvent has a big
ss impact on CO, capture. Besides H,O, some organic solvents
including methanol, ethanol, 1-butanol, and 2-propanol were also
used to dissolve K,CO; during the preparation of K,CO,;/LDH.
The results indicated that the capacity was greatly increased when
organic solvents were used. The capacity at 400 °C was increased
o0 from 0.96 mmol g with H,O to 1.09 mmol g with methanol,
1.25 mmol g with ethanol, 1.22 mmol g with 1-butanol, and
1.33 mmol g' with 2-propanol. With H,O as the solvent, the
amorphous MgAlO, mixed oxide was transformed back to LDHs
structure again during the preparation. This is reasonable due to
os the presence of both H,O and CO;* in the mixture. However,
with organic solvents, there was no change in the amorphous
structure, and this probably results in a better dispersion of K
during the impregnation.

w
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7 Figure 10. The structure of the LDH-GO hybrid material.>*°
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The CO, adsorption sites and formation mechanism of LDH-
derived metal oxides were investigated by Gao et al.**', who
found that when LDH is optimally calcined there are two

s mechanisms for the formation of active Mg-O species. One is that
the active Mg-O species can be generated by substitution of Mg?*
by A’ in the periclase MgO lattice, as shown in Figure 11(a). To
compensate for the positive charge generated by AI*', the
adjacent oxygen anions will become coordinatively

10 unsaturated.’> With insertion of one AI* into the periclase MgO
lattice, there will be generation of two active Mg-O species. The
other one is that a portion of the inserted AI** might diffuse out of
the octahedral sites and become tetrahedrally coordinated in the
interlayer. The site formerly occupied by AI’" is left vacant,

o

as shown in Figure 11(b). Therefore, the calcination temperature
is one of the key parameters that determine the number of active
Mg-O species. If it is too low, the Mg-O bonds cannot be broken
and the hydroxide phase remains; however, if it is too high, the
20 Mg and Al will start to react and form the MgAl,O, spinel oxide.
Since each LDH has a different thermal stability, their optimal
calcination temperature is different. In addition, this explains why
the quasi-amorphous phase obtained by thermal treatment at the
lowest possible temperature gives the highest CO, capture
25 capacity.

(a) Mg vacancy

Yo

(@]
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Al

Mg O Al

Al vacancy

Figure 11. The proposed mechanisms for the formation of active
Mg-O species induced by (a) the substitution of Mg by Al and (b)
the diffusion of Al atoms out of the octahedral brucite layers.*'
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3.2 MgO-based sorbents

Considering the abundant surface basic sites of the metal oxides
and the acidic nature of CO,, it is expected that some metal
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which consequently produces three active Mg-O species around it,
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oxides can act as CO, sorbents. Among various metal oxides,

35 MgO is potential for both carbon capture and long-term CO,

fixation. Chemically, CO, reacts with MgO to form
thermodynamically stable MgCO; (AH = 1100 kJ mol™).
However, we noticed that there were only few reports using MgO
as CO, sorbent three years ago. In recent years, much attention
has been gained over MgO based sorbents. MgO absorbs CO, in
the temperature range of 200400 °C and can be regenerated at
relatively low temperatures (~500 °C) compared to CaO-based
sorbents,” ** and has a low energy requirement for
regeneration.’*3% However, because of its moderate CO,
sorption capacity, relative slow sorption kinetics and easiness to
lose its surface area during regeneration, the practical application
of MgO as a CO,-sorbent is quite limited.” The adsorption sites
for CO, on MgO are associated with low coordinated Mg**-O*
sites.3> 33638 The acidic CO, reacts with basic O sites
depending on their coordination. Oxygen atoms located at edges
and corners of the crystal surfaces have stronger basicity than
those in the basal planes.’** CO, adsorbs as monodentate on the
edge sites and bidentate on the corner sites.’® The CO,
adsorption capacity of commercially available MgO is fairly
small (0.5 mmol g).*® In order to enhance the CO, capacity of
MgO-based sorbents, improvement are mainly focused on (1)
decreasing the particle size and synthesis of porous MgO, (2)
dispersing MgO nanoparticles on porous supports, (3) modifying
MgO with alkali carbonates, and (4) preparation of MgO-based
mixed oxides.

An effective method to enhance the efficiency of CO,
absorption on metal oxide is to decrease the particle size to have
more exposed active sites.*®' Bian et al.**' reported a thermal
decomposition method to synthesize mesoporous MgO with high
surface area and a narrow pore size distribution, and obtained
enhanced CO, adsorption capacity as compared with
commercially available MgO nanoparticles. Ruminski et al.>®*
also proved that the CO, sorption capacity of MgO is highly
related to surface area. In general, the accessibility of sorption
sites and synergistic porous support are crucial for efficient
capture sorbate molecules in a gas stream.’® *** For this reason,
dispersing MgO onto a porous support is intensively
investigated.*37! Liu et al.>’* prepared MgO nanoparticles
(MgO NPs) stabilized by mesoporous carbon (mPC-MgO)
through a fast pyrolysis of the MgCl,-loaded waste biomass.’”
The obtained mPC-MgO showed excellent performance in the
CO, capture process with the maximum capacity of 5.45 mmol g’
!, much higher than many other MgO based CO, sorbents. The
CO, capture capacity of the mPC-MgO material kept almost
unchanged in 19 runs, and could be regenerated at low
temperature. Kim et al.*™* prepared multi-core MgO NPs@C
core-shell nanospheres. 3 nm MgO NPs were embedded
discretely in the carbon shell, which showed high selectivity for
CO2 over N2. This composite also showed a high CO:2 uptake
capacity (5.3 mmol CO, per g MgO) as well as high recyclability.

In addition, much attention has been paid to alkali metal
promoted MgO. Potassium carbonate supported on MgO®” has
been reported to be capable of capturing CO, at elevated
temperatures  with good cycling stability. Webley et al.’’
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synthesized K,CO; promoted MgCO; with a CO, uptake of 1.8
mmol g at 375 °C and 1 bar. Liu et al.*”’ synthesized Cs,COs
doped MgO sorbent, and obtained the maximum CO, uptake of
1.9 mmol g at 300 °C. The results suggested that the CO,
chemisorption on Cs,COj3-doped MgO formed a mixed Mg—Cs
carbonate phase with undetermined stochiometry, and the
activation energy of this reaction route was lower than that of the
carbonation of MgO at moderate temperatures. The formation of
this mixed phase is the reason why Cs,COs-doped MgO shows an
improved CO, sorption capacity compared to pure MgO sorbent.
The activity of MgO can also be improved via mixing with some
other metal oxide such as TiO,,>’® 37 and ALO;,* etc. Han et
al.**® prepared nano-structured MgO-Al,O; aerogel adsorbents
with different Mg/Al molar ratios. The crystalline structure of
MgO-AlL,O; aerogel adsorbents was transformed in the sequence
of ALO; — MgAl,0, —» MgO-MgAl,O, with increasing Mg/Al
molar ratio from 0 to 3. The sorbents with Mg/Al = 0.5 with the
highest medium basicity showed the best CO, capture capacity of
0.5 mmol g'. Although intensive efforts have been made to
improve the capacity of MgO, the reported absorption capacities
of MgO-based systems are still not high enough, which is likely
to limit its wide use for CO, capture.*®' LDH-based and MgO-
based adsorbents and their CO, capture performance are
summarized in Table 8.

Table 8. Summary of LDH-based and MgO-based CO, adsorbents and their
performance in CO; capture.

Adsorbent Schemes Materials CO; uptakes Refer
types ences
LDH-based Intercalation Mg;Al;- 1.3 mmol g‘1 at o>
adsorbents of organic stearate LDHs 200 °C, 1 bar
anions
Hybrid MgAI-CO3 0.5mmol g’ at ¥
materials LDH/GO 300 °C, 1 bar
Control of nano-sized 0.6mmol g'at ¥
particle size spherical 200 °C, 1 bar
Mg3A11-CO3
LDHs
Alkali doping ~ MgAl - 1.9mmolg'at
stearate LDHs 300 °C, 1 bar
+ K,CO;3
nano-sized 12mmolg’at ¥
spherical 200 °C, 1 bar
Mg3A11-CO3
LDHs +
K>COs
MgO-based  Dispersingon ~ mPC-MgO 55mmol g'at "
adsorbents supports 80 °C, 1 bar
MgO NPs@C 7.7mmol g'at ™
27°C, 1 bar
Alkali doping ~ MgCO3 + 1.8mmolg'at 7
K2C03 375 OC, 1 bar

4

4

6

6:

K

3

MgO + 1.9 mmol g™ at

CSzCO3 300 OC, 1 bar
Preparation of ~ MgO/TiO, 0.5mmol g'at %37
mixed oxides (4:6) 25°C, 1 bar

MgO-AlLO; 0.5 mmol g‘1 at %

aerogel 200 °C, 1 bar
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4. High-temperature solid CO, sorbents
4.1 CaO-based sorbents

Calcium oxide (CaO) based materials are a type of high-
temperature CO, sorbents with high theoretical sorption capacity
and low cost. It has attracted tremendous attention owning to a
number of its advantages.’® A very nice review paper on the
calcium looping cycle for large-scale CO, capture has been
published by Blamey et al.** CaO-based sorbents can be used in
both pre-combustion and post-combustion processes, which
follow similar principles.’®*®¥ The whole CO, sorption process
can be divided into two distinct steps. In the first step, CO, is
chemically adsorbed on the surface of the sorbent; and in the
second step, CO, diffuses into the bulk of the sorbent.>® Thus,
the exothermic carbonation reaction is characterized by two
stages: (1) an initial fast surface reaction controlled by the
reaction kinetics, and a (2) slower reaction restricted by the
diffusion of CO, in the CaCO; product. In our previous review
paper, we have pointed out that the main problem for calcium-
based materials is the low reversibility of the carbonation reaction
due to the sintering of sorbent particles. We noticed that, in the
past three years, great efforts have been devoted to the
improvement of sintering-resistant properties of CaO-based
sorbents, which include (1) improving the synthesis method, (2)
changing morphology and microstructure, (3) surface
modification, (4) synthesis of CaO-based mixed oxides, (5)
increasing attribution resistance, (6) reactivating the degraded
sorbents, and (7) influence of SO,, etc.

Various methods have been employed to decrease the particle
size and increase the surface area of CaO, including precipitation
reaction, bubble templating, interfacial reaction, ion liquid-
assisted hydrothermal and solvothermal processes, etc.®® For
instance, with coprecipitation method, different calcium
precursors could lead to CaO samples with different properties.
Karami et al.>! prepared CaO sorbents from CaCl, and Ca(NO;),
respectively, and concluded CaCl, is a better precursor. The sol-
gel method is well explored to produce reactive CaO sorbents. **
3% Xu et al.** synthesized CaO-based sorbents composed of
active CaO and inert CagAl4O:5 (acted as the support matrix) by a
sol-gel method. In comparison with pure CaO, the sol-gel-derived
sorbents had smaller grain sizes, larger surface areas, and highly
interconnected pore networks as well as uniform distribution of
CaO and CagAlgOs3. The synthetic sorbents exhibited high
reactivity and stability in 35 carbonation-calcination cycles. With
the CaO content of 70, 80, and 90 wt %, the CO, capture capacity
at the 35" cycle was 11.4, 11.8, and 13.4 mmol g, respectively.
Similar results were also observed by Santos et al.*** and Luo et
al*®. Moreover, Lopez-Periago et al** reported that the
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performance of CaO-based sorbents could be improved via
preparation under supercritical condition.

Moreover, it is possible to obtain CaCO; with different degrees
of purity and textural properties by utilizing various solvents,
surfactants or organic additives.**® Recently, Liu et al.**® reported
that the performance of CaO was enhanced by forming novel
mesoscopic hollow spheres of CaO/Ca;,Al1403; with tunable
cavity size (Figure 12). It was believed that the void space in the
hollow structures can buffer against the local large volume
change during carbonation/calcination cycles, and is able to
alleviate the pulverization and aggregation problem of the sorbent
material, hence improving the cycling performance. Contrary to
the microporous sorbents (< 2 nm), the mesoscopic sorbents (2—
50 nm) are less susceptible to pore blockage and plugging
through the increase of volume, while still retain a large surface
area to ensure rapid kinetics. Furthermore, the inert Ca;,Al 4053
binders can effectively separate the CaO particles and thus act as
a physical barrier to prevent sintering and aggregation of the CaO
nanoparticles. The CO, capture capacity of the hollow sorbents
was only slightly decreased after 30 cyclic runs, with remaining
of about 91-98% adsorption capacities, which was much higher
than that (23%) of the CaO sorbent calcined from a commercial
CaCO, precursor.**

PS core hydrogel shell
’ . CaCL-2H,0 !-.-!-A._ 1 r =
H,80, . AO-P), 8 ) |
=R TR P Serpesromal |
sulfonation N Water U calcination
el b -
Sulfonated PS Absorbed Hollow
heres X .
i core-shell spheres Ca™ and Al spheres

Figure 12. Diagram of the formation mechanism of the
Ca0/Ca;,Al 4,053 hollowspheres.

To minimize the loss of activity and improve the life cycle
performance of limestone, one method is to treat limestone with
organic acids (acetic acid, formic acid, oxalic acid, etc)**’ or
mineral acids (HCl, HBr, HI, and HNO3)398 to increase the
sorbent porosity thus enhance the CO, capture capacity.’” *%
Ridha et al.**™*% carried out a comprehensive assessment of the
treatment on limestone with various organic acids to explore
35 feasibility of this approach for modifying sorbents. The results
showed that after 20 cycles, the carbonation conversion of
limestone treated with acetic acid, vinegar, formic acid, and
oxalic acid was 33.1%, 21.1%, 31%, and 35.2%, respectively, in
contrast to 18.9% of the untreated limestone, clearly proving that
the treatment with organic acids improved the sintering-resistance
properties of the modified sorbent. However, the activities of
these sorbents were declined in a similar fashion to that of
untreated limestone. Moreover, the treated sorbents which
performed well for CO, capture also performed well for SO,
capture, leading their CO, capture capacity to decline at least as
rapidly as the untreated natural sorbent or even more. Al-Jeboori
et al.**® studied the effects of mineral-acid (HC1, HBr, HI, and
HNOs) doping on the long-term reactivity of limestone-based
sorbents, and found that limestones doped with low
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so concentrations of a dopant led to a significant improvement in

long-term carrying capacity, whereas doping to a greater extent
yielded a marked reduction in capacity. It was proposed that the
doping could shift the pore sizes in the calcined limestone to
those of approximately the optimal diameter for repeated reaction.

For pure CaO sorbent, although its CO, capture capacity can
be somehow improved by utilizing different synthesis methods,
alerting the morphologies, crystal structures and porosities, or
pretreatment with organic acids etc, the enhancement is still too
marginal in most cases. Recently, it has been well established that
the performance of CaO based sorbent can be significantly
improved by the physically or chemically modification of pure
Ca0. As pointed out in our previous review paper,” a feasible
way to enhance the stability of the CaO-based sorbents is to
incorporate CaO particles into inert materials, which acts as
structural supports or matrices. These inert materials include
ALOS 01405\ 406 407 o, 48 gvnO, 40 S0, 40
CeXZryOZ,411 La,0,,*"? LaAlngyO3,411 CaZr0s,*"? etc. Among all
the studied CaO-based mixed oxides sorbents, the most
investigated is aluminum-containing material.* 4% 414
Martavaltzi et al.*!® prepared CaO—Ca,,Al 4,053 sorbents by using
different calcium precursors, Ca(OH), and Ca(CH;COO),, and
found that the sorbent derived from Ca(CH;COO), exhibited
higher CO, uptake ability, because the low tortuosity in its pores
allowed easy access of CO, to the active sites of the sorbent. Liu
et al.*® developed a simple wet-mixing method to prepare
sintering-resistant CaO-based sorbents using calcium L-lactate
and aluminum lactate, and found that the support was not
Caj»Al 4055 but CagAlO;5. Zhou et al.*! synthesized a series of
CaO-based CO, sorbents from various calcium and aluminum
precursors by a wet-mixing method. The as-prepared sorbents
consisted of active CaO and inert support materials that could be
Al,O3, CajyAl403;3 or CagAlgOg, depending on calcium and
aluminum precursors used in the preparation process. Compared
to pure CaO, most of the synthetic CaO-based sorbents showed
much higher CO, capture capability and stability over multiple
carbonation/calcinations cycles, which was ascribed to the
relatively high specific surface area of the sorbents, the bimodal
pore-size distribution with a fair number of small pores, and the
inert support material that can effectively prevent or delay
sintering of CaO particles. Among these synthetic sorbents the
Ca0-CayAl4O,g sorbent with a CaO content of 80 wt% derived
from calcium citrate and aluminum nitrate exhibited the best
performance for CO, capture. Its CO, capture capacity decreased
from 0.59 at the first cycle to 0.51 at the 28" cycle and
correspondingly, the carbonation conversion reduced from 0.94 to
0.81, demonstrating high reactivity and stability of this sorbent
over long-term cyclic operation.*'® Recently, Amos et al.*"
reported that the stability of CaO supported on mesoporous
Ca,Al,O, is superior to that supported on macro/mesoporous
hierarchical Ca,Al,O,, and it was believed that the formed CaO
layer might be too on the surface of macro/mesoporous structure.

MgO is another well studied supporting material for enhancing
the sintering-resistant properties of Ca0.*% *'® Mabry et al.*"’
revealed that the best MgO:CaO ratio was 0.6, which maintained

105 its capacity at 86% of its original uptake even after 50 cycles. Wu
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et al.*'? reported that TiO, can also be used for the improvement

of sorption properties of CaO-based sorbent. Li et al*”
demonstrated that the addition of KMnO,4 improved the long-term
performance of CaCOs, resulting in directly measured conversion
as high as 0.35 after 100 cycles, while the untreated CaCOs
retained conversion less than 0.16 under the same reaction
conditions. Huang et al.*'® reported that the sorption capacity and
long-term durability can be enhanced by using highly ordered
mesoporous SBA-15 molecular sieves as carriers. Durability tests
showed that the CO, adsorption ratio remained at 80% after 40
cyclic runs. Similar results have also been reported by Sanchez-
Jimenez et al.**® The silica supported CaO exhibited a stable CaO
conversion under Ca-looping conditions. A 10 wt% CaO
impregnated sorbent reached a stable conversion above 0.6,
which was much larger than the residual conversion of CaO
derived from natural limestone (between 0.07 and 0.08). Zhao et
al.*"? synthesized CaO sorbent modified with CaZrO; which was
in the form of < 0.5 pm cuboid and 20—80 nm particles dispersed
within the porous matrix of CaO/CaCQO;. The sample of 10 wt%
CaZrO;/90 wt% CaO showed an initial rise in CO, uptake
capacity in the first 10 carbonation-decarbonation cycles,
increasing from 7.0 mmol g in cycle 1 to 8.4 mmol g in cycle
10 and stabilizing at this value for the remainder of the 30 cycles
tested, with carbonation at 650 °C in 15% CO, and calcination at
800 °C in air.

In addition to dispersing the CaO on inert supports, another
scheme is to make CaO@porous metal oxides core@shell
composite adsorbents. Li et al.**! prepared CaCO;@mesoporous
silica in a core-shell structure (denoted as CaCO;@mSiO,) as a
high-performance CO, sorbent. The improved carbonation
conversion retention of the (CaCO;@5.6 wt% mSiO,)-based
pellet sorbent around 25% after 50 cycles of
decarbonation/carbonation, which was higher than that of the
CaCO;-based sorbent (13%). It was believed that the mesoporous
silica can serve as a stable framework structure and diffusion
barrier for the improvement of the stable reversibility of the
cyclic reaction.

was

It is well known that limestones are quite fragile, but the main
factors and the mechanism on their attrition have not been well
clarified, especially during calcination/carbonation for CO,
capture.””? Recently attempts have been made to improve the
attrition resistance and CO, uptake of the Ca-based sorbent by
making pellets with aluminate cement. Chen et al.*** investigated
the effects of various factors on attrition, and found they follow
the order of temperature > superficial gas velocity > exposure
time > pressure. CO, release during calcination of sorbents is the
main reason for sorbent attrition and comminution. A slow decay
in CO, capture capacity was observed for the pellets during
cycling, because of the exposure of inner core of CaO sorbents by
attrition and enhanced sintering resistance by adding the
aluminate cement in the sorbent during pelletization. Chen et
al.** further demonstrated that a much slower decay during
multiple cycles could be obtained by adding 5-10 wt% pores
forming agent. This was attributed to the large number of
mesopores generated by the use of chemical agents and the
exposure of inner core of CaO sorbents due to the attrition, which
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are in favor of CO, capture.

One important issue for CaO based sorbents for practical
applications is how to reactivate the degraded sorbents.**> *2® The
reactivation of CaO using steam hydration has been widely
reported in the literature, and there is an agreement on the fact
that the positive effect of hydration is due to the improved
morphology of the sorbent.*” **® It is suggested that the
hydration causes the formation of cracks in the CaO particles,
creating channels extending to the interior of the particles and,
thus, improving CO, capture.*”® The formation of larger pores
because of hydration also improves the performance of the
sorbents because they become less susceptible to pore
blockage.”® Yin et al.*®' found that the water hydration of
calcined limestone was independent of the factors, such as
particle size, hydration duration, hydration temperature, and pre-
calcination temperature. Also the conversion of hydrated
limestone could not be further enhanced by ultrasonic hydration.
In contrast, the synthetic CaO/cement sorbent showed strong
dependence on those factors. In addition, the CaO conversion of
the synthetic CaO/cement sorbent could be recovered to more
than 80% by ultrasonic hydration. Li et al.**? and Chen et al.***
3 modified the CaO derived from limestone in water with
addition of ethanol and calcium lignosulfonate respectively and
improved the conversion of CaO to nearly 60% after 15 cycles.
Martinez et al.*** found that if the reactivation of the sorbent by
hydration was carried out at every cycle, the residual carrying
capacity of the sorbent can be increased by a factor of 6.6.
However, the steam consumption in these conditions may be
unacceptably high (estimated over 1.2 mol of H,O/mol of CO,
captured). They also suggested that the reactivation by hydration
may not be attractive in systems operating with particles that have
moderate life spans.

Considering the fact that SO, is also produced from fossil fuel
combustion, and can be captured by the Ca-based sorbents, it is
necessary to investigate the effect of SO, on CO, capture
behavior.**> #*¢ Unfortunately, it is found that SO, in calcium
looping systems decreases sorbent activity, as SO, irreversibly
forms CaS0,.*"* Sun et al.*! reported that SO, impeded cyclic
CO, capture because of pore blockage by sulfate products,
resulting primarily from direct sulfation during the later stage of
each cycle. This adverse effect of SO, was confirmed by Ryu et
al.*? and Lu and Smirniotis.**® Therefore, despite the fact that
sorbent performance can be influenced to some extent by altering
carbonation and calcination conditions, the presence of SO, must
be avoided if the objective is CO, capture from flue gas.
Symonds et al.** suggested that the best way to avoid the effect
of SO, is to desulfurize the flue gases in a separate reactor.*** **°

Up to date, all the research efforts regarding to CaO-based CO,
sorbents can be briefly summarized in Figure 13. By utilizing
different synthesis methods or pretreating limestone with acids,
pure CaO particles with higher specific surface areas and smaller
particle size, or special microstructures (e.g. hollow CaO,
mesoporous CaO, etc) can be obtained. In order to further
improve its performance, a more feasible approach is to make
CaO-based mixed oxides type CO, sorbents. By incorporating
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CaO particles into inert materials that act as structural supports or
matrices, the durability can be significantly improved. Since CaO
based CO, sorbents is very promising for practical applications,
some other important issues have also been investigated, for
s instance the attribution, degraded sorbent reactivation, and the
effect of SO,, etc.*®® CaO-based adsorbents and their CO, capture
performance are summarized in Table 9.

Ca0-based

Surface
modificatio

Increasing
attribution

Morpholo

and structure O O

o® .. ® s
L
-
Synthesis Other
methods sl

Degraded
sorbent
reactivation

10 Figure 13. A brief summary of all efforts for improving the CO,
capture capacity and sintering-resistant properties of CaO based

sorbents.

Table 9. Summary of CaO-based sorbents and their performance in CO,

15 capture.
Schemes Materials CO, uptakes at 1 bar Refer
ences
Improving CaO by 15.9 mmol g after 17 cycles, >
synthesis coprecipitation  sorption: 700 °C, desorption:
method 850 °C, 35% CO, in N,
CaO by sol-gel 5.5 mmol g after 70 cycles, 392
sorption: 700 °C, desorption:
800 °C, 15% CO, in N,
CaO by sol-gel  13.4 mmol g after 35 cycles, 393
sorption: 650 °C, desorption:
800 °C, 15% CO, in N,
CaO by sol-gel ~ 11.6 mmol g after 20 cycles, 94
sorption: 650 °C, desorption:
800 °C, 15% CO, in N,
Synthetic CaO 14.8 mmol g after 25 cycles, 39
sorption: 750 °C, desorption:
900 °C, 20% CO, in N,
Changing CaO- 14.1 mmol g after 30 cycles, 396
morphology Ga,Al14053 sorption: 650 °C, desorption:
and hollow sphere 900 °C, 100% CO,
microstructure

Surface Organic acids
modification modified CaO
powder

Organic acid
modified CaO
pellets

Mineral acids
modified CaO
powders

Formic acid

modified

CaO-
Ga9A1601 8

Synthesis  of
mixed oxides

CaO/CaxAlyO

z

CaO/meso-
SiC

CaO/Cai2Ali4
033

CaO/Cai2Ali4
033
nanospheres

CaO-MgO

Ca0-SiO,

Ca0-CaZrO3

CaCOs@meso
porous silica

5.7 mmol g™ after 20 cycles,
sorption: 650 °C, desorption:
850 °C, 15% CO, in N,

2.3 mmol g™ after 20 cycles,
sorption: 650 °C, desorption:
850 °C, 15% CO, in N

6.8 mmol g™ afterl3 cycles,
sorption: 700 °C, desorption:
900 °C, 15% CO, in N,

7.0 mmol g™ after 20 cycles,
sorption: 650 °C, desorption:
850 °C, 15% CO, in N,

13.4 mmol g at 650°C, 1 bar

9.8 mmol g™ after 30 cycles,
sorption: 700 °C, desorption:
850 °C, 15% CO, in N,

3.0 mmol g™ after 30 cycles,
sorption: 690 °C, desorption:
850 °C, 15% CO, in N

7.3 mmol g™ after 30 cycles,
sorption: 690 °C, desorption:
850 °C, 15% CO, in N,

13.9 mmol g after 30 cycles,
sorption: 650 °C, desorption:
900 °C, 15% CO, in N

15.9 mmol g after 50 cycles,
sorption: 750 °C, desorption:
750 °C, 100% CO,

2 mmol g after 50 cycles,
sorption: 650 °C, desorption:
850 °C, 15% CO, in N,

8.4 mmol g™ after 30 cycles,
sorption: 650 °C, desorption:
800 °C, 15% CO, in N,

8.6 mmol g™ after 50 cycles,
sorption: 650 °C, desorption:
850 °C, 15% CO, in N

446

398

400

416

417

417

415

447

419

420

413

421

4.2 AlKkali zirconates-based sorbents

Alkali zirconates such as Li,ZrO; is another group of well-studied
high-temperature CO, sorbents. The main obstacle for the
20 practical application of Li,ZrO; is its kinetic limitation. Previous
efforts were made to improve its CO, capture performance via (1)
changing the crystal structures, and (2) substituting partially
substituting Li" with Na" or K*. However, during the past three
years, it seems the research activities with this type of materials

»s were somehow declined, with only few papers published.

Previously, Li,ZrO; was often prepared using solid-state
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reaction method by mechanically mixing the starting materials of
Zr0O, and Li,CO; and heating the mixture at high temperatures for
a long time. Consequently, sintering at high temperatures
normally results in large particle sizes of Li,ZrO;. To synthesize
Li,ZrO; sorbents with fine particle size, a liquid phase method
has been applied.*** **° But the prepared Li,ZrO; sorbents didn’t
possess the desired CO, capture properties due to a
heterogeneous distribution of Li and Zr species in it
Alternatively, a citrate method was developed to synthesize
Li,ZrO; sorbents with improved CO, capture properties, which
exhibited a faster CO, uptake rate and a higher, nearly
stoichiometric absorption capacity at 550 °C and a CO, partial
pressure of 0.5 bar. However, at lower CO, partial pressures, the
sorbents still showed relatively lower uptakes.*”® Xiao et al.**
synthesized K-doped Li,ZrO; sorbents with excellent CO,
capture properties via a citrate route, better than the Li,ZrO;-
based ones, especially at low CO, partial pressures. At 550 °C
and a CO, partial pressure of 0.25 bar, the CO, uptake in the K-
doped Li,ZrO; with an optimized molar ratio of K : Li : Zr at
0.2:1.6:1 reached 5.2 mmol g within 15 min.

In addition to the synthesis work, some kinetic studies and
modeling have also been performed to obtain a clearer
understanding to the CO, sorption and desorption processes.
Jiménez et al.®' investigated the CO, sorption kinetics
parameters including the reaction order, rate constant, apparent,
intrinsic and diffusional activation energies on Na,ZrO;. A global
reaction rate of first order in CO, and a strong dependence on
temperature was found. The approximate solution to the
shrinking core model was used to fit the data. Modeling results
indicated the surface reaction as the main resistance to the
reaction rate, controlling reaction kinetics with only a minor
contribution of the product layer diffusion resistance toward the
end of the reaction. Duan et al.**? investigated the structural,
electronic, and phonon properties of LigZrO4 using density
functional theory and lattice phonon dynamics. The results
indicated that the lithium zirconate with a lower Li,O/ZrO, ratio
has a lower turnover temperature. Hence, by mixing or doping
two or more materials to form a new composite, it is possible to
find or synthesize CO, sorbents that can fit the industrial needs
for optimal performance. In short, the main problem for alkali
zirconates-based CO, sorbents is still the slow kinetics and
severely sintering during sorption/desorption cycles, and more
works are highly desired for their practical applications.

4.3 AlKkali silicates-based sorbents

In our previous review paper, alkali silicates were only briefly
mentioned without a deep discussion.” However, tremendous
efforts have been paid to this type of materials in the last few
years. Up to date, a series of alkali silicates including Li,Si0,,*?
Li4-xNaxSiO4,454 Li4+x(Si1-xAlx)O4s454 Li4-x(Si1-xA1x)O4s454
LigSiOe, > *° LigSi,0,,"® Li,Si,05,"° Li,Si;0,,%° CaSi0,,*’
(OH);ALLO;SiOH**® have been studied for CO, absorption at high
temperatures. The first alkali silicate that was reported for high-
temperature CO, capture is Li,Si0,.%%%! Since Li,Si0, is
synthesized from SiO,, instead of ZrO, as for Li,ZrO,, it has been
expected to be a promising CO, absorbent in the range of
500-850 °C. The main advantages of these materials are their
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high CO, capture capacity and relative lower regeneration
temperatures (<750 °C) as compared to other high-temperature
CO, sorbents such as CaO, and their excellent stability that allow
operations over a significant number of cycles without losing
their sorption capacity. Furthermore, Li,SiO4 shows lower costs
of the raw materials involved comparing the expensive ZrO, with
the cheaper Si0,.*** The absorption is ascribed to the mechanism
whereby lithium oxide (Li,O) in the Li,SiO, crystal structure
reacts reversibly with CO, as shown in Figure 14** and equation
(1). Since Li4SiO,4 has a considerably lower temperature for CO,
emission in comparison with the CaO absorbent, the reaction
between Li;,Si0,4 and CO, is easily reversible.

I_4i4SiO4“r (:Oz—’IAizSiOy‘r L12C03 (1)

CO:
COz COz
Li,O \absorption
~Zfooc”
LisSiOs <700¢
700°C
LizO Li2O /' release
CO; CO:

Figure 14. Reaction model of CO, absorption and emission by
lithium silicate.*®

The theoretical maximum CO, absorption is 1 mole for every
mole of Li;SiO,. As a result, a capacity of more than 8.2 mmol g’
' should be possible. In practice, absorption up to around 8.0
mmol g could be obtained at a temperature of 700 °C followed
by complete release at 850 °C. In a typical measurement, Li;SiO,

absorbed CO, at a rate > 50 mg g min™ at 500 °C (which was
roughly 30 times faster than Li,ZrO; as reported by Kato et al.*¢*)
with a feed gas containing 20% CO,. When the CO,
concentration was lowered to 2% in the feed gas, the rate of CO,
absorption by Li,ZrO; became extremely low (< 0.23 mmol g
absorption after 50 min), while that of Li,SiO, was 7.5 mg g
min and more than 5.7 mmol g absorption could be achieved
within 50 min. Therefore, the replacement of ZrO, with SiO, not
only reduces the absorbent weight by 23%, but also significantly
improves the CO, absorption rate and amount. Essaki et al.*®®
found that the CO, absorption property of Li,SiO, pellets was
strongly affected by the absorption temperature. With 10% CO,,
the fastest CO, absorption was observed at the temperature
between 550 and 600 °C. Only a very small amount of CO,
absorption was observed at temperatures higher than 600 °C.

In most reports the studies were carried out in CO,
atmospheres without the use of steam. The typical steam content
during sorption enhanced hydrogen production processes is
higher than 30%. Therefore, it is necessary to know the effect of
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steam addition on the capture and regeneration properties and
stability of these materials is important. Ochoa-Fernandez et al.*®®
observed that the presence of water in the form of steam could
enhance the capture and regeneration rates. However, a large
decay in the capacity was observed when compared to the
performance of the sorbents in dry conditions. Another
influencing parameter is the concentration of SO,. Pacciani et
al.*” studied the influence of SO, on CO, absorption over
Li4,SiO, and demonstrated that the presence of SO,, even at
concentrations as low as 0.002% resulted in an irreversible
reaction with the absorbent and a decrease in CO, capacity.
Analysis of SO,-exposed samples revealed that the absorbent
reacted chemically and irreversibly with SO, at 550 °C forming
Li,SO,. It was thus suggested that industrial applications of
Li,SiO4 should require desulfurization of flue gas prior to
contacting the absorbent.

In order to further improve the CO, capture performance of
Li;SiO, sorbents, improvements have been made in several
aspects, including (1) microstructural modification, (2) alkali
promotion, (3) transition metal doping, (4) Li substitution by Na,
etc. Romero-Ibarra et al.**® proved ball milling could significantly
increase the surface area (by 10 times) and enhance CO, uptake
and durability. Seggiani et al*** *® modified Li,SiO; with
different alkali carbonates (K,CO;, Na,CO;3), binary
(K2C03/Li2CO3, N32CO3/Li2CO3) and ternary
(K,CO;/Na,CO3/Li,CO;) eutectic mixtures, and found that all the
promoters noticeably improved the CO, uptake rate and sorption
capacity. At the optimum absorption temperature of 580 °C,
Li4S104 added with 30 wt% of K,CO; or Na,CO; showed the best
CO, absorption proprieties with a sorption capacity of 5.2 mmol
g somwent corresponding to a LiySiO, conversion of about 80%.
However, the addition of Na,CO; caused sintering during
multiple sorption/desorption cycles reducing significantly the
sorption capacity within the defined sorption time. Whereas, the
s sample added with 30 wt% K,CO; maintained its original
capacity during 25 CO, sorption/desorption cycles, showing an
much higher cyclic stability.

Since the reaction of Li;SiO,4 with CO, is assumed to occur at
the outer surface of the crystal grain, ion diffusion of Li* and O*
is required to facilitate the reaction with CO, to form lithium
carbonate (Li,CO5).*”® Hence, generating defects in crystalline
Li,SiO4 by appropriate doping of foreign elements is likely to
improve the reactivity. This can be concluded from studies where
interstitial Li" are created due to substitution of Si*" by AI** or
where vacancies originate from replacement of Li* by A", In
both cases, Li'-mobility and conductivity are increased as
compared to that in non-modified Li,SiO,.*""*"* However, since
Li" is much smaller compared to O®", diffusion of the latter
should be the limiting part of ion availability at the reaction
surface. Hence doping vacancies into the Li;SiO, lattice, which is
assumed to facilitate O  hopping, is intended to improve
reactivity substantially.*’? Gauer et al.*’® investigated doping of
Li;SiO,4 with hetero elements such as aluminum (Al) or iron (Fe)
to improve its CO, capture capacity. An obviously higher
reactivity of Li;;Aly;SiO4 compared to Lig;AlgSig9O4 proved
the vacancy doping to be superior to interstitial doping regarding
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absorption of CO,. The use of Fe instead of Al in Liz;Feq;SiO,
seems to be further advantageous since CO, is desorbed easier. In
comparison, K-doped Li;SiO, reveals problems with CO,
emission even if absorption can be performed at slightly lower
temperatures. Anyway, Fe doped Li;SiO, should be recognized as
a very promising modification for improved CO, absorption from
about 500 °C. Ortiz-Landeros et al.*”* investigated the structural
and thermochemical chemisorption of CO, on Li.,(Sij—Al,)Oy4
and Lig(Si;—V,)O, solid solutions, and found that the addition
of Al and V had significant but differently influence on the CO,
chemisorption process. On Liy,(Si;—V,)O, samples, the CO,
chemisorption is  considerably diminished, while on
Liy(Si;— Al )O,4 samples, the CO, capture is markedly improved.
In these two solid solutions, the product external shell is
composed of Li,CO; and Li,SiOs in both cases, and the unique
difference is the presence of Li;VO, or LiAlO,. Since Li3VO,4 has
a smaller lithium diffusion coefficient than Li,CO;, Li,SiO5 and
LiAlQy, the presence of Li;VO, on the external shell must reduce
the CO, chemisorption by decreasing the lithium diffusion.

It has been well demonstrated that some alkaline solid
solutions, such as lithium-sodium zirconates (Li, ,Na,ZrOsz) and
lithium-potassium zirconates (Li, [K,ZrOs), present better CO,
capture properties than the pure lithium or sodium zirconates.*”™
477 Moreover, it has been reported that even small quantities of a
doping component, such as potassium, enhances the CO, capture
capacity of lithium ceramics.*”® For this reason, Mejia-Trejo et
al.** studied the synthesis of LiNa,SiOy solid solutions and its
performance for CO, capture. The LijzgsNag;5SiO4 sample
showed a significant improvement on the CO, absorption, getting
a total CO, absorption equal to 4.4 mmol g”'. Also, the absorption
seemed to be faster in this sample.

Apart from Li;SiO,4 based sorbents, other lithium silicates have
also been investigated as high-temperature CO, sorbents. Duran-
Mufioz et al.*® explored the CO, capture properties of a high
lithium-content silicate (LigSiO4) and found that it absorbed CO,
over a wide range of temperatures. A CO, uptake of 11.8 mmol g’
! was achieved. The CO, chemisorption in the LigSiO, sample
occurs via a two-step mechanism depending on the temperature
range. Initially, the LigSiOg chemisorbs 2 moles of CO, to
produce Li4SiO,, which subsequently traps a third mole of CO, to
produce Li,SiO; and an additional Li,CO;. However, the second
reaction process only occurs at T < 550 °C. Later on, Duan et
al.*® investigated CO, capture properties of lithium silicates with
different ratios of Li,O/SiO, via an ab initio thermodynamic and
experimental approach. By increasing the Li,O/SiO, ratio (from
Li,Si307 up to LigSiOg), the corresponding lithium silicates were
found to have higher CO, capture capacities, higher turnover
temperatures, and higher heats of reaction. Obviously, the lithium
silicate with higher Li,0/SiO, ratio will require more energy
input to be regenerated at higher temperature. For the Li,O-
richlithium silicates (LigSiOg, Li4SiO4, LigSi,07), when the
capture temperature is lower than the turnover temperature of
Li,Si0;, they can absorb CO, to form Li,COs and SiO, with high

10 CO, capture capacity. However, if the capture temperature is

above the turnover temperature of Li,SiOs, the products will be
Li,CO3 and Li,SiO; with low CO, capture capacity. The SiO,-
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rich lithium silicates (Li,Si,0s, Li,Si;07) can thermodynamically
absorb CO, at relatively low temperature with low capture
capacity. However, if the temperature is too low, the kinetics of
CO, capture reaction is too slow. Wang et al.*’ reported the
absorption of CO, on CaSiOj; at high temperatures and realized
that CaSiO; commenced to absorb CO, at 400 °C and ended at
800 °C with about 28.72% CO, absorption efficiency while using
15% CO,. CO, sorption-desorption cycles were also stable.
Alkali silicates-based adsorbents and their CO, capture
performance are summarized in Table 10.

Table 10. Summary of alkali silicates-based sorbents and their performance in
CO; capture.

Schemes Materials CO; uptakes Refer
ences
Microstructure  LisSiO4 6.3 mmol g at 500 °C, 20% CO,
modification
LisSiOy4 6.3 mmol g at 600 °C, 15% CO,  *®
pellet
LiySiO4 6.6 mmol g’ at 525 °C, 10% CO, ~ *°
LisSiOy4 6.8 mmol g' at 550 °C, 14.7% ¥
pellet CO;
LisSiOy 6.3 mmol g'l after 16 cycles, 480
sorption: 700 °C, desorption: 700
°C, 50% CO;
LisSiOy 3.5 mmol g'l after 10 cycles, 468
sorption: 550 °C, desorption: 550
°C, 100% CO,
Alkali LisSiO4t 5 mmol g after 20 cycles,
promotions K,COs/Na, sorption: 580 °C, desorption: 700
CO; °C, 4% CO,
LisSiOs+ 5.7 mmol g at 650 °C, 15% CO, ~ *’
K,COs +
Li, TiO;
Transition Al and Fe 5mmol g'at650°C, 100% CO,  *7
metal doping doped
LisSiOy
Ligx(Sii - 3.9 mmol g' at 700 °C, 100% *™
xAl)O4 CO,
Li substitution  Lis 44 mmol g at 680 °C, 100% **
by Na XNaXSiO4 COz
LisSiOs 11.6 mmol g" at 650 °C, 100% **°
CO,
LigSiOg 7.0 mmol g at 600 °C, 100% *¢
CO,
CaSiOs 3.5 mmol g' after 10 cycles, *’

sorption: 700 °C, desorption: 800

°C, 15%

15

w
=

65

5. Solid CO, sorbents from waste resource

Current waste management practices involving landfill
contribute toward climate change, and may lead to water and soil
contamination, and local air pollution. To minimize or address
the growing environmental concerns associated with increasing
amounts of waste being landfilled, many research activities are
focusing on the development of new waste management
strategies such as the preparation of useful materials from wastes.
With the demand of huge amount of solid CO, sorbents, the
development of low-cost materials that can sorb CO, efficiently
will undoubtedly enhance the competitiveness of adsorptive
separation for CO, capture in flue gas applications.”®! In 2012,
Olivares-Marin et al.*®! published the first review paper on the
preparation and application of CO, sorbents from waste
precursors, including coal by-products, biomass products, water
treatment by-products, household residues, and some other
wastes, etc. Since then, there has been evidenced with active
research activities in this area. To emphasize the importance, here
we separately set a section to update the CO,-sorbents from waste
resource, although some of the CO,-sorbents are discussed in the
previous sections but obtained with different resources.

5.1 Carbon based CO, adsorbents from waste resource

According to United Nation Environment Programme (UNEP),
globally 140 billion metric tons of biomass is produced per year
from agriculture.*®” To fully resource these biomass wastes, one
promising approach is to convert them into functional materials,
such as carbon based CO, adsorbents. Up to date, various
biomass wastes have been studied for the preparation of carbon-
based CO, adsorbents, which can be categorized into four groups:
(1) nut shells including almond shell,*® *** coconut shell,*** palm
shell,**® (2) wood processing residues including sawdust,*® chips
and barks,® and poplar anthers,"®® etc, (3) food residues
including coffee grounds,’™ bagasse,*® celtuce leaves,®' (4)
marine macroalgae,** and (5) pitch, etc.

Nut shells are available in large quantities and contain high
content of carbon element, which should be an ideal precursor for
preparation of carbon-based CO, adsorbents. Plaza et al.***
prepared a series of carbon adsorbents from olive stones and
almond, with a CO, capture capacities of 2.7 mmol g at 25 °C,
which are even higher than that of commercial activated carbons.
The basic surface oxides formed during the carbonisation and
activation processes have a beneficial effect on the CO,
adsorption, and the pore size distribution also plays an important
role in it, especially at low partial pressures.** *** Vargas et al.**
prepared activated carbon honeycomb-monoliths with different
textural properties from African palm shells, which achieved a
CO, sorption capacity of 5.8 mmol g™ at 0 °C and 1 bar. Ello et
al.*®> prepared microporous carbon from coconut shell and its
maximum CO, uptake at 1 bar reached 3.9 and 5.6 mmol g™ at 25
and 0 °C, respectively.

Another type of common biomass precursor for the preparation
of carbon-based CO, adsorbents is wood processing wastes, such

28 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



o

s

20

2

S

30

3

b

4

=

4

o

50

Energy & Environmental Science

as substandard kraft cellulose, hydrolysis lignin, chips, bark, and
sawdust, etc. Dobele et al.**” and Sevilla et al.*® reported that the
porous carbons obtained from solid waste of birch wood and
sawdust could achieve a high CO, uptake of 3.6 and 4.8 mmol g
at 25 °C and 1 bar. Every spring innumerable brown granular
poplar anthers fall on the land, and most of them are directly
burnt as waste, which causes environmental pollution as well.
Song et al.*® synthesized nitrogen-containing granular porous
carbons with developed porosities and controlled surface
chemical properties from poplar anthers, and a CO, capture
capacity as high as 51.3 mmol g was achieved at 25 °C and 50
bar.

The third kind of biomass precursor for making carbon based
CO, adsorbent is food residues such as coffee grounds,*®
bagasse,490 and celtuce leaves,*! etc. Coffee grounds can be
considered as pollutant due to its high carbon content, which will
consume large amount of oxygen for their degradation.*”* Plaza et
al.*®® produced the microporous carbons from coffee grounds,
which presented CO, adsorption capacities up to 4.8 mmol g™ at
0 °C, and 3.0 mmol g at 25 °C. Wang et al.**' reported that
porous carbons could be prepared from waste celtuce leaves, as
shown in Figure 15(a).*” The as-prepared porous carbon had a
very high specific surface area of 3404 m”> g and a large pore
volume of 1.88 cm® g”'. The porous carbon exhibited an excellent
CO, adsorption capacity at ambient pressures of up to 6.04 and
4.36 mmol g™ at 0 and 25 °C, respectively.

The fourth approach for the preparation of carbon based CO,
adsorbents is from ocean pollutant. Enteromorpha prolifera is a
marine macroalgae that is becoming more common due to
eutrophication and sequentially forms green tides, which impact
ocean transportation, tourism and water quality. It is believed that
the potentiality and feasibility for preparation of carbon-based
CO, adsorbent from ocean pollutant is high if this kind of
biomass can be utilized effectively.*”> Zhang et al.* synthesized
nitrogen-containing porous carbon from enteromorpha prolifera
with as much as 2.6% nitrogen in the as-prepared state, and it had
a hierarchical structure with interconnected microporosity,
mesoporosity and macroporosity. The inorganic minerals in the
carbon matrix contributed to the development of mesoporosity
and macroporosity by functioning as an in situ hard template.
These carbons featured with high CO, capacity (2.4 mmol g at 0
°C) and facile regeneration at room temperature (recovered 89%
at 25 °C after eight cycles).

The fifth approach is for the preparation of carbon based CO,
adsorbents is from pitch, which has been proposed by Wahby et
al.*® Recently, both Casco et al.*” and Lee et al.**® reported the
synthesis of porous carbon by chemical activation of pitch using
KOH. They found that such obtained carbon materials are good
candidates for CO, capture, with a capacity of ca. 3.8-4.6 mmol

g'.

5.2 Silica-based CO, adsorbents from waste resource

Besides carbon, solid waste is often used to make silica. Lin et
al.* prepared silica spherical particles (MSPs) using sodium
silicate extracted from TFT-LCD industrial waste powder
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inorganic acids including hydrochloric acids and nitric acids were
employed to acidify the silicate supernatant to form activated
silica precursors. The MSPs (HNO;), which was synthesized in
the presence of nitric acids exhibited high surface area (776 m” g’
1, mesopore size (5.3 nm) as well as large pore volume (1.15 cm’
g"), and it was further applied as a support of adsorbent for CO,
capture. It was demonstrated that TEPA-impregnated MSPs
(HNO;) adsorbent presented high adsorption performance (2.77
mol g, superior to those of TEPA-SBA-15 and TEPA-MCM-41
manufactured from pure silica chemicals under the same test
conditions. The results suggested that low-cost MSPs (HNOs3)
prepared using silicate solution from TFT-LCD waste powder via
spray approach is a promising CO, adsorbents.

5.3 CaO-based CO, sorbents from waste resource

For the preparation of CaO-based CO, sorbents, generally two
types of wastes have been used, which are (1) eggshells and
mussel shell,>® shell fish, and cuttle fishbones,*'® and (2)
paper industrial solid waste.’™ It is estimated that more than 45
million kg of eggshell waste are produced annually in the United
States.’> Eggshell waste is a serious concern for food industry
due to the cost and environmental problems associated with their
landfill, as each shell has adhered protein-rich membrane which
attracts rats and other vermin.**® However, eggshell waste, which
contains 95% calcium carbonate (CaCQO;), presents itself as
inexpensive calcium-based CO, sorbent. Ives et al.>* found that
the performance of eggshells and mussel shells derived CaO-
based sorbents over the course of up to ~50 cycles of calcination
and carbonation was significantly superior to limestone derived
CaO sorbent. Sacia et al.’*' tested the eggshell waste for CO,
capture via cyclic carbonation-calcination reactions. The
regeneration of spent sorbents with acetic acid provided a 38%
improvement in CaO conversion over untreated shells after ten
cycles. The eggshell membrane contains highly valuable Type X
collagen, which can be recovered through the course of shell
pretreatment to increase process feasibility (Figure 15(b)). This
scheme allows for sustainable generation of CaO sorbents while
also transforming a current waste material into a value-added
product. CaO sorbent has also been prepared from high calcium
content alimentary wastes including egg shells, shellfish shells
and cuttlefish bones by Castilho et al.*”® These results indicate
that alimentary wastes with high calcium content can be used to
produce CO, sorbents thus contributing to mitigate the
anthropogenic carbon and the environment contamination with
alimentary wastes.>"?
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Figure 15. (a) The synthesis scheme of porous carbon from waste
celtuce leaves.*” (b) The synthesis scheme of CaO based CO,
sorbents from eggshells.>"!

Every year, very large amounts of calcium-based solid wastes
such as carbide slag (from the chlor-alkali industry), red mud
(from the aluminum industry), and lime mud (from the paper
industry) containing Ca(OH), or CaCOj; are produced. Lime mud
is a solid waste produced as part of the process that turns wood
chips into pulp for paper. Li et al.”® investigated the sequential
SO, and CO, capture behaviour of lime mud in the calcium
looping process. In order to minimize the unfavorable effects of
impurities such as Na and CI on CO, and SO, capture by lime
mud, the lime mud was prewashed with distilled water. The
carbonation conversions of the raw lime mud and treated lime
mud were stable with the number of cycles, and were about 0.21
and 0.36 after 100 cycles, respectively. Compared with the
natural limestone, the treated lime mud exhibited a lower
carbonation conversion during the first five cycles; however, it
showed a higher carbonation conversion after five cycles. The
ultimate carbonation conversions of the treated lime mud and the
raw one were 4.8 and 2.8 times greater than that of the limestone,
respectively.

5.4 AlKali silicate-based CO, sorbents from waste resource

For the synthesis of alkali silicate based CO, sorbents, three
types of wastes have been utilized, which include (1) fly ash
(FA),®" (2) rice husk ash,**® % and (3) diatomite,*** > etc. FA
is the finely divided mineral residue resulting from the
combustion of ground or powdered coal in power plants. The
disposal of FA causes significant economic and environmental
problems all over the world. Olivares-Marin et al.>*’ synthesized
several Li,SiO4-based sorbents from FAs for CO, capture at high
temperatures. Under the optimal experimental conditions (600 °C

didn’t achieve the equilibrium capacity.

Table 11. Summary of solid sorbents synthesized from waste resource and

their performance in CO, capture.

35 and 40 mol% K,COs3), the maximum CO, sorption capacity for
the sorbent derived from FA was 2.4 mmol g'l. The LiySiO,-
based sorbents could maintain its original capacity during 10
cycle processes and reach the plateau of maximum capture
capacity in less than 15 min, while pure Li,SiO4 presented a
40 continual upward tendency in the 15 min of the capture stage but

Sorbents ‘Waste type CO; uptake Reference
Carbon Olive stones 2.43 mmol g at 25 °C, 1 bar 306
Almond shell 2.66 mmol g at 25 °C, 1 bar 301
African palm 5.8 mmol g ' at 0 °C, 1 bar 486
shells
Coconut shell 5.6 mmol g 'at 0 °C, 1 bar 485
Birch wood 15.91mmol g™ at 25 °C, 20 487
bar
Starch and 4.8 mmol g at 25 °C, 1 bar 8
cellulose,
sawdust
Coffee grounds 4.8 mmol g at 0 °C, 1 bar 489
Bagasse 0.2 mmol g 75 °C, 1 bar 40
Celtuce leaves 6.04 mmol g at 0 °C, 1 bar 1
Enteromorpha 2.40 mmol g at 0 °C, 1 bar 92
prolifera
Silica Industrial 2.77 mol g at 25 °C, 1 bar 499
waste powder
Inorganic acids
CaO Eggshell waste 14.29 mmol g'1 at 700 °C, 1 S0t
bar
Egg shells 6.82 mmol g at 700 °C, 1 502
bar
Scallops 6.36 mmol g at 700 °C, 1 502
bar
Cuttlefish 4.09 mmol g at 700 °C, 1 502
bones bar
Lime mud 7.14 mmol g at 700 °C, 1 S04
bar
Alkali Fly ash 2.40 mmol g at 600 °C, 1 507
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silicate bar
Rice husk ash 7.36 mmol g at 710 °C, 1 510

bar
Diatomite 6.50 mmol g™ at 620 °C, 1 480

bar

Compared with FA, rice husk ash has higher amorphous SiO,
content. Moreover, it also contains some metals, which may
generate high-performance Li SiO4-based sorbents for CO,
capture. Wang et al.*®® synthesized highly efficient Li,SiO,-based

s sorbents for CO, capture from rice husk ash. At 650 °C, the
sorption of CO, increased to 4.1 mmol g within 2.5 h. More
importantly, the CO, uptake remained almost unchanged even
after 15 cycles. It seems that the presence of metals in the
Li;SiO4-based sorbent promoted the reaction kinetic of the CO,

10 sorption when compared with pure Li,SiO,. Isothermal analysis
further indicated the activation energies of the Li SiO4-based
sorbents prepared from rice husk ash are smaller than that of pure
Li,Si0,. Later on, its CO, capture capacity was further increased
to 6.92 mmol g via citric acid pretreatment of rice husk ash by

15 the same group.*®

Taking into account the significant content of SiO, in diatomite,
the synthesis of LiySiO4-based CO, sorbent from diatomite has
also been proposed, with the aim to further decrease the cost of
Li,SiO,. Shan et al.*®® demonstrated that the SiO, source has an

20 important influence on CO, sorption properties. The sample with
diatomite had higher sorption capacity and sorption rate than that
with pure SiO, at the same retaining time. The maximum sorption
capacity of the sample with diatomite reached 6.5 mmol g,
being 78% of the theoretical sorption capacity. In addition, lower

25 activation energies of the sample with diatomite for the
chemisorption process and diffusion process were also observed,
which was attributed to the structural differences caused by the
aluminum and other elements present on the diatomite. Solid CO,
sorbents synthesized from waste resource and their performance

30 for CO, capture are summarized in Table 11.

6. Techno-economic assessment of CO, sorbents in
real applications

For the research of CO, capture, besides the development of
efficient CO, sorbents, another important and urgent issue is the
35 techno-economic assessment of these sorbents/technologies in
real applications. However, we will not give too much detail due
to the limited length allowed for this review.*'"*'? Recently, Zhao
et al>"' performed a critical review of the techno-economic
models for the retrofitting of conventional pulverised-coal power
40 plants for post-combustion CO, capture. They compared four
promising technologies for the post-combustion CO, capture that
can be retrofitted to a conventional pulverised-coal power plant.
By comparing the efficiency penalty and cost indicators of CO,
capture using (i) chilled ammonia, (ii) alkali-metal carbonates, (iii)
4s membranes or (iv) calcium looping to the benchmark MEA
scrubbing process, it was found that calcium looping technology
resulted in the lowest efficiency penalty (4.6%-points) and cost of

=)
3

post-combustion CO, capture (36.3% increase in levelised cost of
electricity). In addition, the cost of CO, avoided by employing

so calcium looping for post-combustion CO, capture can be as low
as 29 USDjyq per tCO,. On these three criteria, calcium looping
performs more than twice as well as the benchmark MEA post-
combustion CO, capture process.”"!

Hurst et al.>'? examined the lifecycle greenhouse gas emissions
ssof a 500 MW, pulverised coal-fired power plant with post-
combustion calcium looping and off-shore geological storage.
calcium looping uses solid CO,-sorbent derived from abundant
and non-toxic limestone and is currently being piloted at the 1-2
MW, scale in Europe (Spain and Germany). This technology
6 promises to be very competitive with the more mature chemical
absorption processes, with the potential to reduce the efficiency
and cost penalties of CO, capture. It has been demonstrated that
the emission intensity of a coal-fired power plant with calcium
looping is at least comparable with one using MEA-solvent
os technology (i.e., ~229 gCO,e/kWh vs. 225 gCO,e/kWh).
However, there is significant potential for additional emissions
reduction when considering the recarbonation of exhausted
sorbent in landfill.>"> Dean et al.’'* have demonstrated that it is
possible to use the spent sorbent from a promising COz2 capture
70 process, the calcium looping cycle, for cement production, which
might be able to further reduce the cost of CO, capture.

To have a thorough understanding to the impact of site-specific
factors on the feasibility of CO, capture at industrial plant level,
Berghout et al.>"* did a techno-economic analysis and made an

75 inventory of potential implementation or operational challenges
related to the precombustion, postcombustion, and oxyfuel CO,
capture technologies applied to five industrial plants from various
industrial sectors. The results showed that CO, capture at the
boilers, furnaces, catalytic crackers and gasifier of the refineries

so resulted in CO, reductions of 64-75% for oxyfuel and pre-
combustion technology. For the post-combustion configurations,
CO, was also captured from the hydrogen plants, combined heat
and power plants and gas turbine, resulting in CO, reductions of
81-87%. By combining oxyfuel and pre-combustion with post-
ss combustion technology for the hydrogen plants and utilities,
significantly higher CO, reductions (80-96%) were calculated for
the refineries. While combining oxyfuel and postcombustion
technology resulted in higher CO, avoidance costs, the
combination of pre- and post-combustion technology showed

s slower CO, avoidance costs (6—17%), due to economies of scale
of shared absorbers and strippers. The study also suggests that
CO, avoidance costs also depend significantly on industrial plants,
not only because of the difference in economies of scale, but also
in CO, concentrations in flue gases. Implementation issues

os associated with short term configurations revolve mainly around
retrofitting process units. Although retrofitting is technically
feasible for all three capture technologies, it still should be
proved on a commercial scale. The long term results are more
indicative than the short term results, due to cost data uncertainty
and the long time frame in which possible plant layout changes
may take place. Expectations for the long term are that the focus
will shift from retrofit issues to the replacement of old process
units with new-built capture-ready process units. Furthermore,
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long term configurations will probably have minimal spatial
constraints in (new-built) plant lay outs, capture technologies that
are highly integrated with core processes, and optimized utility
plants. These factors are expected to have a damping effect on the
projected long term CO, avoidance costs.’'

o

The cement industry is a significant industrial greenhouse gas
(GHG) emitter, and the emission reduction is expected to be
achieved via application of CCS technologies. However, the
successful implementation of CO, capture technologies in the
cement industry will depend not only on the technical
performance, but also on the assessment of energy recovery
potential. Hence, Vatopoulos et al.>" assessed the viability of
three CO, capture technologies for the cement manufacturing
process. Post-combustion absorptive capture (MEA) and oxy-
combustion options are concepts already used by other industries
and currently explored by the power sector; calcium looping post-
combustion capture technology (CL) is an emerging technology
that has not been assessed before in a comparative manner. The
comparison was carried out in terms of specific energy
consumption, CO, footprint, CO, capture energy penalty, raw
material consumption and energy recovery potential, by modeling
of the integration of these process concepts with a reference
cement plant. The results showed that for the same capture
efficiency (85%), calcium looping has an advantage as the
specific energy consumption increases by 18%. In the case of
MEA the increase is 45%. CL also has considerably higher
energy recovery potential, which can also further reduce its CO,
footprint. However, chemical looping demonstrates a higher
complexity of integration with an existing cement plant. Oxy-
combustion, though showing lower capture efficiency (60%),
results in lower specific energy consumption than the base case
cement plant, which causes a negative CO, capture penalty.
These results contribute to the identification of the most suitable
CO, reducing strategy for the cement industry.”"®
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The technical and economic assessment of sorption enhanced
water gas shift (SEWGS) as an innovative technology for CO,
capture has been well investigated. In this process, CO, capture or
removal of CO, from the products of WGS reaction is expected to
shift the reaction to the desired direction for H, production and
CO reduction. Gazzani et al>'® evaluated the thermodynamic
performances of CO, capture in natural gas combined cycle with
SEWGS. The SEWGS working conditions were optimized in
terms of carbon capture ratio and purity of the CO, separated as
well as number of vessels adopted. Moreover, two different types
of sorbent, Sorbent Alfa and Sorbent Beta, were considered in
order to evaluate the impact of sorbent cyclic capacity on system
performances. Results showed that SEWGS with Sorbent Alfa
could avoid 91% of CO, emissions and reduce the efficiency
penalty of amine scrubbing technologies from 8.4% to 7.2%.
However, no significant impact of CO, purity on system
performances was determined. While for the adoption of Sorbent
Beta, which has an improved capacity of 60% than Sorbent Alfa,
further reduction in specific primary energy consumption for CO,
avoidance together with vessel number were observed. The best
ss overall performance in terms of specific primary energy
consumption for CO, avoided had a net electrical efficiency of
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51.93 % and CO, avoidance of 86%. Manzolini et al.>'® did the
economic assessment for CO, capture in natural gas combined
cycle with SEWGS. Results showed that with reference sorbent
performances the calculated cost of CO, avoided is about 58 € t'
CO,, which is lower than reference MDEA (64 € t' CO,) but
higher than MEA (48.5 € t' CO,). The adoption of a sorbent with
improved performances brings down the cost of CO, avoided
down to 49 € t' CO,, which is comparable to post combustion
technology. This is a consequence of reforming sections costs
which  penalizes pre-combustion  technologies:  specific
investment costs for SEWGS cases are 15% higher than MEA.
Finally, as far as SEWGS working conditions are concerned, the
optimal CO, capture rate depends on the sorbent cyclic capacity
ranging from 90% to 95%, while the selected CO, purity is 99%.
Knoope et al.’'7 investigated the technological and economic
prospects of integrated gasification facilities for power (IGCC)
and Fischer-Tropsch (FT) liquid production with and without
CCS over time. For this purpose, a component based experience
curve was constructed and applied to identify the potential
performance improvement of integrated gasification facilities.
The results also indicated that substantial cost reductions and
performance improvements are possible, especially for IGCC
with CCS. Afterwards, Chen et al.’'® investigated the IGCC
process incorporated with CaO sorbent by modeling and
simulating using Aspen Plus software. The results showed IGCC
with CaO sorption-enhanced process has a satisfactory system
performance. Even though the net electricity efficiency was not
as high as expected, just around 30-33%, the system had a high
CO, capture efficiency of ca. 97% and low pollutant emissions.
Moreover, compared with conventional IGCC-CCS, the
schematic diagram of the IGCC—CCS process is simplified.

Conclusions

In this paper, the most recent research progress in solid CO,
capture materials has been thoroughly reviewed. All the materials
are divided into three main groups according to their working
temperature ranges, which are (1) low temperature CO, adsorbent
(< 200 °C), (2) intermediate temperature CO, sorbents (200-400
°C), and high temperature CO, sorbents (> 400 °C). The low
temperature CO, sorbents can be further classified into two
groups. The first group includes carbon-based (including
graphite/graphene-based), zeolite-based, MOF-based, silica-based,
polymer-based, and clay-based, etc, which adsorb CO, mainly by
physical interaction. The second group includes solid amine-
based, alkali metal carbonate-based, immobilized ion liquid-
based, and alkali metasilicates, etc, which capture CO, mainly by
chemical binding. For the first group, the CO, capture can be
mainly attributed to their high specific surface areas and nano-
sized pores, etc, due to which their selectivity towards CO, is
relatively low. In order to improve their CO, capture capacity and
selectivity, several schemes have been developed, such as
microstructure and morphology control, composition optimisation,
cation exchange, surface modification, hybrid materials, etc. In
particular, impregnating or grafting certain types of solid amines
and ILs on the above porous materials has been well recognized
as promising approaches. For these low temperature CO,
adsorbents, much effort has been directed towards enhancing
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their thermal stability, resistance to moisture, selectivity,
durability, and kinetics, etc. Of course, another big concern is the
cost of the materials, which is crucial for large scale industrial
applications. For intermediate temperature CO, sorbents, LDHs
derived mixed oxides and MgO represent the majority. Much
progress has been made during the last 3 years, including the use
of organic anions to enlarge the interlayer distance, the
preparation of LDH hybrid materials, the control of LDH particle
size, and the method for alkali carbonates doping. Some more in-
depth mechanism investigations have also been performed. Up to
date, the CO, sorption capacity of LDH derived sorbents already
seems very promising and the major remaining issue is to figure
out how to maintain its mechanical strength in the presence of
steam and at high temperatures. Although intensive efforts have
been made to improve the capacity of MgO, the reported sorption
capacities of MgO-based systems are still not high enough, hence
potentially limiting its wide use for CO, capture. For high
temperature CO, sorbents, CaO has a high CO, uptake capacity,
but suffers severely from sintering during regeneration. One of
the most feasible approaches is to incorporate CaO particles into
inert materials that act as structural supports or matrices, by
which the durability can be significantly improved. For the
practical applications of CaO-based materials, some other
important issues should be considered as well, for instance, the
attribution, degraded sorbent reactivation, and the effect of SO,,
etc. The research activities on alkali zirconates have somehow
declined and more attention has been directed towards alkali
silicates. For instance, LiySiO, has shown high CO, capture
capacity and relatively lower regeneration temperatures (<750 °C)
when compared to CaO, and it is also cheaper in raw materials
when compared to alkali zirconates.

Another important part of this review paper is the preparation
of CO, sorbents from waste resources, such as carbon-based
adsorbent from various nut shells, wood and food residues, silica-
based adsorbent from industrial waste, CaO-based sorbents from
egg shells, fishbones, paper industrial solid wastes, and alkali
silicates from fly ash, rice husk ash, and diatomite. Finally, the
techno-economic  assessments of several CO, sorbents
/technologies in real applications have been briefly reviewed. All
results have shown that it is very promising and necessary to
integrate the CO, sorbents into the current operating systems,
either for decreasing the energy penalty or capturing CO,.
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