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Abstract−Amine-functionalized nanoporous materials can be prepared by the incorporation of diverse organic amine

moieties into the pore structures of a range of support materials, such as mesoporous silica and alumina, zeolite, carbon

and metal organic frameworks (MOFs), either by direct functionalization or post-synthesis through physical impregna-

tion or grafting. These hybrid materials have great potential for practical applications, such as dry adsorbents for post-

combustion CO2 capture, owing to their high CO2 capture capacity, high capture selectivity towards CO2 compared

to other gases, and excellent stability. This paper summarizes the preparation methods and CO2 capture performance

based on the equilibrium CO2 uptake of a range of amine-functionalized nanoporous materials.

Keywords: Amine-functionalization, CO2 Capture, Impregnation, Grafting, Mesoporous Silica, Mesoporous Alumina, Zeo-

lite, Carbon, Metal Organic Frameworks (MOFs), Porous Polymer

INTRODUCTION

The anthropogenic emissions of greenhouse gases are causing

serious global problems. Among these gases, CO2 contributes approx-

imately 60% to the global warming effect [1]. The annual global

emissions of CO2 escalated by approximately 80% between 1970

and 2004, mainly by the combustion of fossil fuels. The CO2 con-

centration in the atmosphere is still increasing, which has led to urgent

calls for strategies to alleviate this problem. The International Energy

Agency (IEA) suggests that by 2050 the global emissions of CO2

from all energy-related technologies need to be reduced to half of

their 2007 levels (29Gt CO2 per annum) to stabilize global warm-

ing [2].

Considerable effort has been focused over the last decade to de-

velop a range of chemical and physical methods for efficient CO2

capture and sequestration (CCS) [3]. Fig. 1 shows a variety of re-

ported CO2 sorbents. Currently, the large-scale separation of CO2

by the liquid phase amine-based absorption process is in commer-

cial operation throughout the world. This “wet-scrubbing” CO2 cap-

ture utilizes alkanolamines, such as MEA (monoethanolamine), as

the solvent, which has been used industrially over the past 50 years

[4,5]. During the absorption process, amine molecules in aqueous

solutions react with CO2 to form water soluble compounds [6]. As

shown in Fig. 2, 2mol of amine species react with 1mol CO2 under

dry conditions to form carbamates for primary and secondary amines,

and the reaction stoichiometry changes to 1 : 1 in the presence of

water to form hydrogen carbonate. Water is essential for tertiary

amines in the CO2 capture process, in which 1mol of amine species

Fig. 1. CO2 capture by sorption processes.
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reacts with 1mol CO2 to form hydrogen carbonate as the final prod-

uct. An amine solution has higher capture selectivity to CO2 than

N2 and the CO2 capture capacity is not affected strongly by the CO2

partial pressure. Therefore, amine-based systems can efficiently re-

move CO2 from the flue gas of conventional pulverized coal-fired

power plants. However, they also suffer a number of drawbacks,

such as a large amount of energy required for solvent regeneration,

equipment corrosion and solvent degradation in the presence of oxy-

gen [7]. Other CO2 sorbents based on various absorption processes

include those using ammonia [8], soluble carbonate [9], or ionic

liquids [10]. An ammonia-based system is similar in operation to

amine systems and is absent from degradation during the absorp-

tion and regeneration process. Unfortunately, ammonia losses occur at

elevated temperatures during the regeneration step. Carbonate sys-

tems are based on the ability of soluble carbonate to react with CO2

to form bicarbonate. CO2 capture by ionic liquids has been investi-

gated mainly in academic laboratories, but the high cost of ionic

liquids remains a problem for practical applications.

Compared to absorption technologies based on liquid solvents,

adsorption is more energy-efficient in capturing CO2 from flue gases

[11]. CO2 adsorption processes based on solid adsorbents, such as

zeolites [12-18], activated carbon [19-21] and MOFs (metal organic

frameworks) [22-28], have been investigated, which all have high

surface areas for the effective physisorption of CO2. These materi-

als, however, are mainly applicable to low temperature applications

Fig. 2. General reaction schemes for the chemical absorption of
CO2 by primary or secondary amines (a) without water, (b)
with water, and (c) tertiary amine-containing solvents [3].

Fig. 3. Molecular structure of amine species used for the synthesis and functionalization of a range of nanoporous materials for CO2 capture.
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because a rapid decrease in capture capacity takes place with increas-

ing temperature. The relatively low selectivity to CO2 from combus-

tion flue gases is another drawback. Basic oxide and hydrotalcite

materials are capable of scavenging CO2 at high temperatures [29-

34], which normally capture CO2 through chemical reactions with

CO2 to form carbonates. Most of these adsorbents, however, suffer

from either low CO2 capture capacities, energy penalties because

of the high desorption temperature required, or the poor CO2 cap-

ture performance in a cyclic process [33].

The CO2 capture performance can be improved by introducing

a functional group with affinity for CO2 (e.g., amine group) into a

structure of nanoporous material because the introduction of basic

amine groups into pore structure of a nanoporous support can lead to

a composite solid material with the preferential adsorption of weakly

acidic CO2. Fig. 3 shows the chemical structures of amine species

employed for this purpose. These amine groups can be incorpo-

rated into a nanoporous material by direct functionalization, or post

synthetically through physical impregnation or a chemical grafting

method. The prepared composite material tends to combine the ad-

vantages of nanoporous support (large surface area and pore vol-

ume) and amine groups (high affinity for CO2) by finely dispersing

amine groups inside the nanoporous support, leading to 1) enhanced

mass transfer, rapid adsorption kinetics and high CO2 capture capacity,

2) high selectivity towards CO2 due to the affinity of amine groups

to CO2, and 3) reduced energy requirements for sorbent regeneration.

In the last few years, several excellent review papers dealing with

CO2 capture and separation have been published [3,35] that pro-

vide a good perspective towards the progresses made on the topic.

Review articles dealing with CO2 capture specifically over the gen-

eral solid adsorbents [36], nanoporous materials [11,37], MOFs [38],

ionic liquids [10] and chemisorbents [33,39] have also appeared.

In our opinion, a review focusing more specifically on the amine-

functionalized nanoporous materials for CO2 capture can be still

useful, because amine-functionalization has been the universal con-

Table 1. CO2 capture by amine-functionalized mesoporous silicas

Support material Amine type
Temp.
(oC)

CO2 partial
pressure (atm)

CO2 adsorption
capacity (mg/g) Reference

Dry CO2 Humid CO2

MCM-41 Polyethylenimine 75 1 133 - [43]
MCM-41 Polyethylenimine 75 0.005 48 - [44]
MCM-41 Polyethylenimine 75 0.15 89 131 [45]
MCM-41 3-Aminopropyltriethoxysilane 20 1 47 - [46]
MCM-41 N-β-(aminoethyl)-γ-aminopropyl

dimethoxymethylsilane
25 1 97 - [47]

MCM-41 Aminopropyltriethoxysilane −10 20 581 - [48]
MCM-41 Diisopropylamine 75 1 75 - [49]
Pore expanded MCM-41 Diethanolamine 25 0.05 104 125 [50]
Pore expanded MCM-41 Polyethylenimine 75 1 210 - [51]
Pore expanded MCM-41 3-[2-(2-Aminoethylamino) ethylamino]

propyltrimethoxysilane
25 0.05 117 129 [52]

As-syn MCM-41 Triethylenetetramine 60 0.15 98 - [53]
As-syn MCM-41 Tetraethylenepentamine 75 0.05 200 - [54]
MCM-48 3-Aminopropyltriethoxysilane 25 0.05 50 100 [55]
MCM-48 3-Aminopropyltriethoxysilane 25 1 35 - [56]
MCM-48 Tris(2-aminoethyl)amine 25 1 70 - [57]
SBA-15 Polyethylenimine 75 0.15 105 - [58]
SBA-15 Polyethylenimine 75 1 90 - [59]
SBA-15 Polyethylenimine 75 1 173 - [60]
SBA-15 3-Aminopropyltrimethoxysilane 25 0.15 70 - [61]
SBA-15 3-Aminopropyltriethoxysilane 25 0.1 66 - [62]
SBA-15 Ethylenediamine 22 1 86 - [63]
SBA-15 (3-Trimethoxysilylpropyl)

diethylenetriamine
60 0.15 70 79 [64]

SBA-15 (3-Trimethoxysilylpropyl)
diethylenetriamine

60 0.15 106 120 [65]

SBA-15 Aziridine 25 0.0004 - 76 [66]
SBA-15 Aziridine 25 0.1 - 92 [67]
SBA-15 Poly-(L-lysine) 25 0.0004 26 - [68]
SBA-15 Polyethylenimine 75 0.15 140 - [69]
As-syn SBA-15 Tetraethylenepentamine 75 1 173 - [70]
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Table 1. Continued

Support material Amine type
Temp.
(oC)

CO2 partial
pressure (atm)

CO2 adsorption
capacity (mg/g) Reference

Dry CO2 Humid CO2

SBA-16 N-(2-Aminoethyl)-3-
aminopropyltrimethoxysilane

60 0.15 32 - [71]

SBA-16 N'-[3-(Trimethoxysilyl)propyl]
ethylenediamine

27 30 238 - [72]

SBA-12 3-Aminopropyltrimethoxysilane 25 0.1 46 [73]
HMS Polyethylenimine 75 1 184 - [74]
HMS 3-Aminopropyltrimethoxysilane 20 0.9 70 84 [75]
HMS N-[3-(Trimethoxysilyl)propyl]-

diethylenetriamine
20 0.9 53 42 [76]

As-syn HMSa Dodecylamine 25 1 34 - [74]
KIT-6 Tetraethylenepentamine 60 10 125 141 [77]
KIT-6 Polyethylenimine 75 1 135 - [78]
Silica monolith Polyethylenimine 75 1 210 260 [79]
Meso-structured monolitha Tetraethylenepentamine 75 1 171 - [80]
Mesocellular silica foam Polyethylenimine 105 0.5 151 - [81]
Mesocellular silica foam Polyethylenimine 75 0.15 152 - [82]
Mesocellular silica foam Tetraethylenepentamine 75 0.1 201 - [83]
Mesocellular silica Polyethylenimine 45 0.1 55 - [84]
As-syn silica mesocellular foam Polyethylenimine 70 0.67 169 - [85]
As-syn mesocelullar silica foam Tetraethylenepentamine 75 1 198 229 [86]
MSU-H silica 3-[2-(2-Aminoethylamino)ethylamino]

propyltrimethoxysilane
60 0.15 - 136 [87]

MSU-F 3-[2-(2-Aminoethylamino)ethylamino]
propyltrimethoxysilane

45 0.3 72 - [88]

MSU-F Tetraethylenepentamine+
diethanolamine

50 1 260 - [89]

Silica gel 3-Aminopropyltrimethoxysilane 27 1 18 41 [90]
Fumed silica Polyethylenimine 25 0.0004 52 78 [91]
Fumed silica 3-[2-(2-Aminoethylamino)

ethylamino]propyltrimethoxysilane
25 1 41 - [92]

SiO2 aerogel 3-Aminopropyltrimethoxysilane 25 0.1 86 307 [93]
Porous silicaa Tetraethylenepentamine 75 0.1 175 - [94]
Macroporous silica N-carboxyanhydride (NCA)

of L-alanine
50 0.1 170 - [95]

CARiACT G10 silica Polyethylenimine 80 1 123 - [96]
CARiACTVRG10 Polyethylenimine 80 1 166 - [97]
Amine-bridged organosilicaa Bis((triethoxysilyl)propyl)

ethylenediamine
0 1 101 - [98]

R-IASb Secondary ethyleneamine 25 0.1 - 184 [99]
3N-APS-LAS-0.4a 3-Aminopropyltriethoxysilane 25 1 77 - [100]
AF-MSMa 3-Aminopropyltriethoxysilane 60 0.2 24 - [101]
DavisilTM (LC60A) 3-Aminopropyltriethoxysilane 25 1 62 94 [102]
Mesoporous silica capsules Tetraethylenepentamine 75 0.1 - 349 [103]
Precipitated silica N-[3-(Trimethoxysilyl)propyl]

diethylenetriamine
40 1 45 - [104]

G-silica sheets Polyethylenimine 75 7 190 - [105]
Double-walled silica nanotube 3-[2-(2-Aminoethylamino)ethylamino]

propyl trimethoxysilane
25 1 98 - [106]

aAmine-functionalized mesoporous silicas prepared by direct synthesis
bReformulated immobilized amine sorbent
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cept applied to just about all different classes of nanoporous mate-

rials for CO2 capture over the last decade. This article reviews the

recent advances in amine-functionalized nanoporous materials as

CO2 adsorbents with particular emphasis on their preparation meth-

ods and CO2 capture performance based on their equilibrium CO2

uptake.

AMINE-FUNCTIONALIZED MESOPOROUS SILICA

Mesoporous silica materials are normally prepared using differ-

ent types of surfactant molecules as a soft template using a silicate

precursor in an aqueous medium. Extensive reviews on the synthe-

sis and classification of mesoporous silica materials are available

elsewhere [40-42]. Mesoporous silica has outstanding textural and

surface properties, such as large surface area, large pore volume,

adjustable mesopore size, and abundant surface hydroxyl groups

available for diverse post-synthesis functionalization. These features

make mesoporous silica a primary candidate support material for

amine guest molecules to produce hybrid materials for capturing

CO2. Table 1 lists the CO2 capture works reported using amine-func-

tionalized mesoporous silica adsorbents.

1. Amine-impregnated Mesoporous Silica

In amine-functionalized mesoporous silica prepared by physical

impregnation methods, a large quantity of amine species, approxi-

mately 40 to 70wt%, can be accommodated inside the channels of

the silica support (Fig. 4). Typically, amine species are dissolved in

a polar solvent (methanol or ethanol) and mixed with calcined meso-

porous silica powders. The resulting slurry is stirred continuously

and a mild vacuum is applied to promote the transport of amine

species to the pore interiors before being finally dried at a specific

temperature to remove the solvent [43]. To achieve a fine distribu-

tion of amines inside the pores, it is important to estimate the total

pore volume of the support material before amine impregnation, so a

correct amount of amine that matches the pore volume of the sup-

port can be introduced.

As shown in Table 1, different types of mesoporous silica mate-

rials have been tested as a support for amine impregnation. Xu et

al. [43-45] first reported an amine-impregnated mesoporous silica

for CO2 capture. Their PEI (polyethylenimine)-impregnated MCM-

41 showed high CO2 capture capacity (110-133mg/g adsorbent, 75
oC,

1 atm) [43] and excellent capture selectivity [44]. The adsorbent

can be regenerated at 75 oC, and moisture was found to have a com-

plementary effect on the adsorption of CO2 by promoting the forma-

tion of hydrogen carbonate [45]. In addition, the PEI-impregnated

MCM-41 was stable in the cyclic operations of CO2 adsorption sepa-

ration from moist flue gas. These encouraging results triggered sub-

sequent studies on amine-impregnated mesoporous silica for CO2

capture. Franchi et al. [50] impregnated DEA (diethanolamine) onto

a pore-expanded MCM-41, which could accommodate a large quan-

tity of amine (7.26mmol DEA/g 
adsorbent

) and achieve a maximum

capacity of 104 g CO2/g adsorbent (25
oC, 0.05 atm). The hybrid mate-

rial quickly desorbed all the captured CO2 by heating at 75
oC in

N2. At CO2 partial pressures below 0.15 atm, the hybrid adsorbent

was found to be superior to zeolite 13X, especially under condi-

tions with moisture. Repeated adsorption/desorption cycles revealed

its good cyclic stability. Similarly, Subagyono et al. [81] reported a

PEI-impregnated mesocellular siliceous foam (MCF) for CO2 cap-

ture that had a large pore volume (2.5 cm3/g) and pore size (31 nm).

The adsorption capacity of MCF loaded with PEI reached 151mg/

g 
adsorbent

 in 20min adsorption time (105 oC, 0.5 atm), which was im-

proved significantly over the adsorption capacity observed for SBA-

15 loaded with PEI (107mg/g 
adsorbent

) under the same conditions.

Son et al. [78] impregnated PEI onto different types of mesoporous

silica support materials and compared their performance for CO2

capture. The CO2 adsorption capacities of the materials decreased

according to the following sequence: KIT-6>SBA-16≈SBA-15>

MCM-48>MCM-41, as dictated by the mean pore diameter of the

support material. The pore diameter of the support material was

also found to be the most important variable with respect to control-

ling the adsorption kinetics, provided that all of the amine species

could be accommodated inside the pores. The PEI-impregnated KIT-

6 also exhibited stable adsorption-desorption in three consecutive

test cycles (adsorption and desorption at 75 oC) for 900min.

Chen et al. [74] reported the importance of textural mesoporosity

(interparticle pores) in HMS mesoporous silica supports for CO2

capture, which can lead to an increase in the concentration of amine

species inside the pore structure and facilitate CO2 diffusion inside

the pore channels. They then proposed an improved CO2 adsorbent

by impregnating PEI onto a silica monolith with a hierarchical meso-

macroporous structure and large pore volume and textural mesopo-

rosity, which exhibited a CO2 adsorption capacity of 210mg CO2/

g 
adsorbent

 (75 oC, 1 atm) at a 65wt% PEI loading [79]. Reversible

and stable CO2 adsorption-desorption performance during five re-

peated runs (adsorption and desorption at 75 oC) was observed.

Yue et al. developed a highly efficient CO2 adsorbent by impreg-

nating TEPA (tetraethylenepentamine) onto an as-synthesized meso-

Fig. 4. Preparation of amine-functionalized mesoporous silica using a physical impregnation method [43].
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porous silica-MCM-41 and SBA-15 [54,70]. Instead of removing

the surfactant by calcination to form mesopores for subsequent amine

immobilization, they impregnated amine directly onto the as-synthe-

sized mesoporous silica (Fig. 5). The ionic surfactant CTAB (hexa-

decyltrimethylammoniumbromide) molecules were dispersed in the

channels of MCM-41, like the spokes in a wheel. The amine guest

could be distributed in the micelles of the support, forming a web

within the mesopores to trap CO2 molecules. The material exhib-

ited a high adsorption capacity at low CO2 concentrations; the value

achieved in 5% CO2 at 75
oC (200mg/g) was close to that in pure

CO2 (211mg/g), and the adsorption capacity in the sixth recycle

showed only ca. 8.5% capacity loss. It was claimed to be competi-

tive due to the energy and time savings made in the preparation of

the support material (no need to remove the surfactant) along with

the high CO2 adsorption capacity.

Yang et al. [105] reported a sandwich-like, high-surface-area,

graphene-based mesoporous silica (G-silica) sheet as a support for

PEI impregnation. The resulting PEI/G-silica sheet was claimed

not only to possess high loading content of PEI, but also exhibit

high thermal conductivity owing to the presence of graphene, which

can efficiently prevent overheating in adsorbent matrix and avoid

degradation of PEI. PEI/G-silica sheets exhibited a stable adsorp-

tion/desorption cycle performance (adsorption at 75 oC and desorp-

tion at 120 oC) with a high adsorption capacity of 171mg/g at 1 atm.

As shown in Table1, PEI and TEPA are the two most widely investi-

gated amine species to prepare amine-impregnated mesoporous sil-

ica for CO2 capture, possibly due to their high N atom concentration

(PEI and TEPA have N contents of 33% and 37%, respectively).

A high CO2 uptake was normally achieved at relatively high tem-

peratures (e.g., 75 oC) by PEI or TEPA-impregnated mesoporous

silica, due to the improved mobility of amine species and facili-

tated the diffusivity of CO2 within it at relatively high temperatures

[81]. On the other hand, the thermal stability of amine-impregnated

silica can be problematic because there is no chemical bonding formed

between the amine species and support. For example, a decrease in

CO2 capacity was observed after repeated runs for TEPA-impreg-

nated mesoporous silica due to the leaching of the physisorbed TEPA

from the support [67,79].

2. Amine-grafted Mesoporous Silica

As shown in Table1, a range of mesoporous silica, such as MCM-

41, SBA-15, SBA-16, SBA-12, MSU, HMS and MCM-48, has been

investigated as a support material for amine grafting, whereas ami-

nosilanes of monoamine (3-aminopropyl-triethoxysilane), diamine

([N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane), and triamine

(3-[2-(2-aminoethylamino) ethylamino]propyltrimethoxysilane) have

been employed mostly as grafting agents (see Fig. 3 for their chem-

ical structures). Amine groups are mostly introduced to the meso-

porous silica structures through a condensation reaction between

aminosilanes and hydroxyl groups on the mesoporous silica sur-

face (Fig. 6). In a typical preparation of amine-grafted mesoporous

silica, pretreated nanoporous support powders were dispersed in

the solvent (e.g. toluene) with stirring, and the desired quantity of

amine was then added and kept in solution under reflux. A higher

concentration of hydroxyl groups on the mesoporous silica surface

is favorable for achieving a high amine species loading.

Huang et al. [55] examined CO2 capture by an amine-grafted silica

xerogel and MCM-48 using 3-aminopropyltriethoxysilane as a graft-

ing agent. A CO2 uptake of 27mg/g adsorbent and 50mg/g adsorbent was

achieved by amine-surface-modified silica xerogel and MCM-48

(25 oC, 0.05 atm), respectively. It was found that the presence of

water vapor doubled the amount of CO2 adsorbed. Chang et al. [65]

examined the adsorption of CO2 on amine-grafted mesoporous sil-

ica. MCM-41, SBA-15 and pore-expanded MCM-41 were modified

by mono-, di- and tri-aminosilanes to make hybrid adsorbents for

CO2 capture. SBA-15 was found to be a better support than MCM-

41 or pore-expanded SBA-15 for grafting amine moieties for the

adsorption of CO2. The tri-amine-grafted SBA-15 exhibited a CO2

adsorption capacity as high as 106mg/g 
adsorbent

 under anhydrous gas

Fig. 5. Schematic diagram depicting the influence of the template occluded in a channel of MCM-41 on the distribution of amine species [54].



CO2 capture by amine-functionalized nanoporous materials: A review 1925

Korean J. Chem. Eng.(Vol. 31, No. 11)

flow and 120mg/g 
adsorbent

 under humid gas flow conditions (60 oC,

0.15atm). Harlick et al. [52] grafted triamine onto the surface of pore-

expanded MCM-41 to produce a hybrid CO2 adsorbent. A high amine

content was achieved using pre-hydrated silica surfaces at grafting

temperatures under reflux conditions, which can facilitate thermally

controlled water-aided surface polymerization of the aminosilanes

(Fig. 7). The triamine-grafted pore-expanded MCM-41 achieved a

CO2 capture capacity of 117mg/g adsorbent and 129mg/g adsorbent under

dry and humid (25 oC, 0.05 atm) conditions, respectively. The tri-

amine-grafted pore-expanded MCM-41 outperformed commercial

zeolite 13X. Owing to the higher amine content, triamine-grafted

mesoporous silica often results in a high CO2 uptake. On the other

hand, the large pore size in the mesoporous silica support is neces-

sary to facilitate the diffusion of CO2 inside the pore channels to

contact with bulky CO2-affinity sites.

Rather than using aminosilanes as the amine source for grafting,

Choi et al. [66] and Hicks et al. [67] prepared hyperbranched amino-

silica using aziridine as a grafting agent. The surface silanols of meso-

porous silica, SBA-15, initiated aziridine polymerization off the sur-

face (Fig. 8). At room temperature under humid conditions, the CO2

uptake of the hyperbranched aminosilica varied from 166 to 76mg/

g 
adsorbent

 when the CO2 concentration was changed from 10% to 400

ppm. Similarly, Liu et al. [95] synthesized a covalently tethered CO2

adsorbent through the in situ polymerization of N-carboxyanhy-

dride (NCA) of L-alanine on the amine-functionalized three-dimen-

sional interconnected macroporous silica. The adsorbent exhibited

an adsorption capacity of up to 170mg CO2/g adsorbent under simu-

lated flue gas conditions (50 oC, 0.1 atm).

3.Amine-functionalized Mesoporous Silica Prepared by Direct

Synthesis

Instead of incorporating amine groups into mesoporous silica

through a post synthesis method, amine-functionalized mesopo-

rous silica can also be prepared using direct methods. Tang et al.

[98] synthesized amine-bridged organosilica by hydrolysis and the

polycondensation of bis((triethoxysilyl)propyl) ethylenediamine

and tetraethoxysilane in the presence of an anionic surfactant as a

structure-directing agent. This organosilica showed high CO2 sorp-

tion capacities up to 101mg/g 
adsorbent

 (0 oC, 1 atm). Kim et al. [100]

prepared amine-functionalized mesoporous silica using the anionic

surfactant-mediated synthesis method reported by Che et al. [107],

in which 3-aminopropyltriethoxysilane functions as a silica source

and as a co-structure directing agent (Fig. 9). The highest CO2 capture

capacity achieved was ca. 77mg/g 
adsorbent

 (25 oC, 1 atm). Covalently

bonded amine species in the mesoporous silica were robust enough

to maintain steady adsorption performance during ten repetitions

of the adsorption-desorption cycle (desorption at 75 oC). Wen et al.

[80] synthesized an amine-functionalized mesostructured silica mono-

lith in a one-pot process, where TEPA was used not only as the modi-

fier coating onto the resulting monolith, but also as an the additive

controlling the generation of micropores in the silica wall. The result-

ing TEPA containing monoliths possessed considerable mechanistic

strength, and exhibited CO2 adsorption capacity up to 171mg/g adsorbent
(75 oC, 1 atm).

Generally, larger number of amine groups can be loaded onto a

mesoporous silica support by physical impregnation. Amine-impreg-

Fig. 6. Preparation of amine-functionalized mesoporous silica through a chemical grafting method (R represents CH2- or CH2CH2-) [52].

Fig. 7. (a) Proposed surface structure obtained with anhydrous graft-
ing; (b) proposed early stage growth of a 3-D polyaminosi-
loxane layer that occurs during the grafting of alkoxy-silane
compounds in the presence of water. The R group repre-
sents a triamine chain, and the dashed lines represent the
out of plane orientation of the bold groups [52].

Fig. 8. Hyperbranched amino silica prepared by a one-step reac-
tion between aziridine and silica surface [67].
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nated mesoporous silica, however, can suffer from the leaching of

amine species from the support material at relatively high tempera-

tures because no chemical bonding between the amine species and

matrix is achieved [67,79]. Introducing amine groups to mesopo-

rous silica through chemical grafting or direct synthesis can result

in a more stable CO2 adsorbent. On the other hand, the number of

amine guests introduced in the latter is limited by the population of

silanol groups on the mesoporous silica surface, which normally

leads to lower CO2 uptake compared to those achieved by amine-

impregnated mesoporous silica.

AMINE-FUNCTIONALIZED MESOPOROUS

ALUMINA

Mesoporous alumina also exhibits high surface area, narrow pore

size distribution in the mesopore region, and large pore volume.

The intrinsic basicity in the material can also be exploited for CO2

capture. Despite this, few groups have investigated mesoporous alu-

mina as a support material for amine species to produce hybrid mate-

rials for CO2 capture. Amine-functionalized mesoporous alumina has

been prepared only through physical impregnation methods.

Chen et al. [108] impregnated PEI onto mesoporous alumina.

The amine-impregnated mesoporous alumina exhibited a CO2 cap-

ture capacity of 120mg/g 
adsorbent

 (75 oC, 1 atm), which is compara-

ble to that achieved by PEI impregnated MCM-41 reported by Xu

et al. [44]. This PEI-impregnated mesoporous alumina exhibited

stable adsorption-desorption during five consecutive test cycles (ad-

sorption and desorption at 75 oC). Chaikittisilp et al. [109] prepared

mesoporous γ-alumina-supported PEI composite materials using a

physical impregnation method. The PEI-alumina adsorbents out-

performed the silica-supported counterparts in terms of their cap-

ture capacity and amine efficiency, particularly at low CO2 concen-

trations in ambient air conditions. Plaza et al. [110] immobilized

amines on an alumina support through a wet impregnation method.

The sample impregnated with diethylenetriamine showed a CO2

uptake of ca. 80mg/g 
adsorbent

 (100 oC, 1 atm), whereas the raw alu-

mina achieved ca. 10mg/g 
adsorbent

 under the same conditions.

AMINE-FUNCTIONALIZED ZEOLITES

AND CARBONS

Microporous materials, such as zeolite and carbon, have been

investigated for CO2 capture through physisorption under low temper-

ature conditions. Owing to their relatively small surface area and pore

volume compared to mesoporous materials, post-synthesis amine-

functionalization has been attempted to achieve enhanced CO2 selec-

tivity over N2, often at the expense of reduced CO2 capture capacity.

Table 2 gives a summary of the reported performance data involv-

ing amine-functionalized zeolites and carbon for CO2 capture.

1. Amine-functionalized Zeolites

Jadhav et al. [111] impregnated MEA on zeolite 13X and exam-

ined the hybrid material for CO2 adsorption at different temperatures.

The MEA-impregnated adsorbent showed higher CO2 capture capac-

ity than zeolite 13X at 120 oC, and exhibited improved CO2 selec-

tivity, which was enhanced further in the presence of moisture. Su

et al. [113] modified a commercially available Y-type zeolite by

TEPA using a physical impregnation method. The CO2 adsorption

capacity of the adsorbent increased with increasing temperature at

30-60 oC but decreased between 60-70 oC. The CO2 adsorption cap-

acity was affected by water vapor and reached as much as 113mg/

g of CO2/g adsorbent (60
oC, 0.15 atm) at 7% water vapor. The adsorp-

tion capacity was preserved after 20 cycles of adsorption and re-

generation at 75 oC. Xu et al. [114] examined the adsorptive sepa-

ration of CO2, CH4 and N2 on MEA-modified β-zeolite prepared

using a physical impregnation method, and found that the incorpo-

ration of MEA improved the selectivity of both CO2/CH4 and CO2/

N2.

Amine-functionalized zeolites prepared through chemical graft-

ing have been investigated for CO2 capture. Kim et al. [115] exam-

ined the CO2 separation from N2 over 3-aminopropyltrimethoxy-

silane-grafted mesoporous SAPO-34, which had been synthesized

using an amphiphilic organosilane additive. Despite the decrease in

CO2 capture capacity due to the reduced surface area and pore vol-

ume, the amine-grafted mesoporous SAPO-34 showed significantly

improved CO2/N2 selectivity via the preferential adsorption of CO2

over N2. Approximately 96% of the adsorbed CO2 could be des-

orbed reversibly by simply changing of the feed gas to a N2 purge

during the five adsorption-desorption cycles. Yang et al. [116] stud-

ied CO2 capture over amine-grafted MCM-22, MCM-36 and ITQ-

2. They reported that amine-grafting on zeolites in general resulted

in an enhancement of CO2/N2 selectivity and increased heat of CO2

adsorption at the expense of reduced CO2 capture capacity. More

than 95% desorption was achieved by heating at 75 oC and their

regeneration was very reproducible. Zukal et al. [117] grafted amine

onto a delaminated zeolite ITQ-6, which possesses a large hydrox-

ylated and accessible external surface. They reported that the adsorp-

Fig. 9. Preparation of amine-functionalized mesoporous silica using a direct synthetic method [100].
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tion of CO2 occurs simultaneously on both amine ligands and bare

surface. At low CO2 pressures, ammonium carbamates were formed,

but adsorption on the bare surface appeared to dominate under higher

pressures.

2. Amine-functionalized Carbon

Zhao et al. [118] reported carbonaceous materials with a high sur-

face density of amino groups for CO2 adsorption. They prepared

carboxylate-rich carbonaceous materials by the hydrothermal car-

bonization of glucose in the presence of small amounts of acrylic

acid. The carboxylic acid groups of hydrothermally derived carbon

microspheres with a raspberry-like substructure were then used to

anchor tris(2-aminoethyl)amine via amide formation through con-

densation reactions (Fig. 10). The amine-grafted carbonaceous mate-

rial showed a CO2 uptake of 189mg/g adsorbent (−20
oC, 1 atm) and

exhibited a CO2 selectivity of 110 against N2 at 70
oC, 1 atm. Dillon

et al. [121] achieved carbon dioxide adsorption through the cova-

lent attachment of polyethyleneimine-functionalized single-wall car-

bon nanotubes. The reaction between fluorinated single-wall carbon

nanotubes (F-SWNTs) and polyethyleneimine (PEI) yielded the

covalent attachment of a polymer to the sidewalls of the nanotubes

(Fig. 11). Solid-state 13C NMR confirmed carbamate formation as

a consequence of the reversible CO2 absorption to the primary amine

substituents in PEI. A maximum absorption of 78mg/g 
adsorbent

 was

observed (75 oC, 1 atm) and desorption of CO2 was accomplished by

heating under argon at 75 oC. Gray et al. [123] reported CO2 capture

by amine-enriched fly ash carbon adsorbents. The amine groups

Table 2. CO2 capture by amine-functionalized mesoporous alumina, zeolite, carbon, porous polymer, and other nanoporous materials

Support materials Amine type
Temp.
(oC)

CO2 partial
pressure (atm)

CO2 adsorption
capacity (mg/g) Reference

Dry CO2 Humid CO2

Mesoporous alumina Polyethylenimine 75 1 120 - [108]
Mesoporous γ-alumina Polyethyleneimine 25 0.0004 77 - [109]
Commercial activated alumina Diethylenetriamine 100 1 80 - [110]
Zeolite 13 X Monoethanolamine 75 0.15 36 030 [111]
Zeolite 13X Isopropanolamine 75 0.15 23 - [112]
Y-type zeolite Tetraethylene pentamine 60 0.15 113 190 [113]
β-Zeolite Monoethanolamine 30 1 61 - [114]
Mesoporous SAPO-34 3-Aminopropyl trimethoxysilane 0 1 121 - [115]
Zeolite ITQ-2 3-Aminopropyl trimethoxysilane 0 1 94 - [116]
Zeolite ITQ-6 3-Aminopropyl trimethoxysilane 20 1 53 - [117]
Carboxylate-rich carbonaceous

materials
Tris(2-aminoethyl) amine −20 1 189 - [118]

Multi-wall carbon nanotube 3-Aminopropyl trimethoxysilane 50 0.15 86 108 [119]
Multi-wall carbon nanotube 3-Aminopropyl triethoxysilane 20 0.15 55 - [120]
Single-wall carbon nanotube Polyethylenimine 75 1 78 - [121]
Activated fly ash derived sorbent Monoethanolamine 30 1 68.6 - [122]
Fly ash carbon concentrate 3-Chloropropylamine hydrochloride 25 0.1 - 8 [123]
Commercial activated carbon Polyethylenimine 25 1 49 - [124]
Porous polymer Melamine 25 1 59 - [125]
Porous organic polymer Ethylenediamine 25 1 42 - [126]
Nanofibrillated cellulose N-(2-Aminoethyl)-3-aminopropyl

methyldimethoxysilane
25 0.0005 - 061 [127]

Mesoporous TiO2 bead L-Arginine 30 0.2 18 - [128]
Bentonite Polyethylenimine 75 1 47 - [129]

Fig. 10. Preparation of amine-rich materials through grafting of carbon spheres derived from hydrothermal synthesis [118].

Fig. 11. Synthesis of functionalized SWNTs from F-SWNTs [121].
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were grafted by a chemical treatment of carbon-enriched fly ash

concentrates with a 3-chloropropylamine-hydrochloride solution at

25 oC (Fig. 12). These materials, however, achieved very low CO2

capture capacity (8mg/g 
adsorbent

 at 25 oC, 0.1 atm).

Generally, as a support material for amine species to produce hy-

brid adsorbents for CO2 capture, zeolite and carbon are not compa-

rable to mesoporous silica due to their smaller pore volumes and

pore sizes. Unlike mesoporous silica materials, which exhibit prac-

tically negligible CO2 capture capacities, zeolite and microporous

carbon are normally capable of capturing significant amounts of

CO2 through physisorption. The incorporation of amine species would

certainly reduce the surface area and pore volume of a zeolite or

carbon, and cause the loss of CO2 capture capacity. In some cases,

the CO2 capture capacity from the introduced amine species does

not compensate for the lost CO2 capture capacity by physisorption

because of the decrease in active surface area. On the other hand,

amine introduced in zeolites or carbon alter the adsorption mecha-

nism from physical adsorption to chemisorption or combined physi-

chemisorption mechanism (depending on the amine loading), and

the capture selectivity towards CO2 is enhanced, which can be im-

proved further in the presence of moisture or at relatively higher

temperatures.

AMINE-FUNCTIONALIZED POROUS POLYMER

Some studies have reported CO2 capture by amine-functionalized

porous polymers. Chen et al. [125] prepared an amine-containing

porous polymer by the condensation of melamine with several aro-

matic aldehydes through Schiff base chemistry (Fig. 13) according

to the protocol developed by Schwab et al. [130]. This melamine-

based porous polymer exhibited a CO2 capture capacity of 59mg/

g 
adsorbent

 (25 oC, 1 atm), which was attributed mostly to the amine

groups inside the porous framework and were comparable to some

reported values of amine-grafted nanoporous silica. Gebald et al.

[127] synthesized an amine-functionalized nanoporous material by

freeze-drying an aqueous suspension of nanofibrillated cellulose

and N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane. The

resulting materials achieved a CO2 capture capacity of 61mg/g adsorbent
in 12 h at a CO2 concentration of 506 ppm in air and a relative hu-

midity of 40% at 25 oC. Stability over 20 consecutive 2-h-adsorp-

tion/1-h-desorption cycles (adsorption at a CO2 concentration of

506 ppm in air and a relative humidity of 40% at 25 oC and desorp-

tion in Ar at 90 oC and 40% relative humidity) was examined, which

yielded a cyclic capture capacity of 31mg CO2/g adsorbent. Guillerm

et al. [126] synthesized a porous organic polymer with free alde-

hyde moieties, which allowed a deliberate amine grafting (aldehyde

conversion to imine) via a mild one-step post-synthetic modifica-

tion procedure. Amine-functionalization led to ca. 20% increase in

CO2 capture capacity, a substantial increase in Qst
 (i.e., from 33 to

50 kJ/mol at low coverage), and a relatively enhanced qualitative

CO2/N2 and CO2/CH4 selectivity (14 to 155 for CO2/N2 and 5 to 600

for CO2/CH4).

AMINE-FUNCTIONALIZED POROUS TiO2

Aquino et al. [128] reported amine-functionalized TiO2-based

Fig. 12. Proposed reactions for the preparation of amine-enriched fly ash or carbon sorbent [123].

Fig. 13. Preparation of amine-containing porous polymer through Schiff-base chemistry [130].
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sorbents for CO2 capture. Several supports, namely, mesoporous

TiO2 beads, TiO2 nanoparticles, and TiO2/ZrO2 composite beads,

and a range of amines (1, 2, and 3 carbon-chain primary amine)

have been assessed for CO2 adsorption. The highest CO2 adsorp-

tion capacity (18mg CO2/g adsorbent at 30
oC and 20 kPa CO2) was

achieved by L-arginine functionalized mesoporous TiO2 bead.

AMINE-FUNCTIONALIZED CLAY

Chen et al. [129] reported surface modification of a low cost ben-

tonite through PEI impregnation for CO2 capture. The CO2 uptake

and capture selectivity over N2 increased significantly after amine

modification, and the PEI-modified bentonite exhibited excellent

stability in cyclic CO2 adsorption-desorption runs (adsorption and

desorption at 75 oC). PEI-modified bentonite was claimed to be a

potential adsorbent for practical application in post-combustion CO2

capture, owing to its CO2 capture performance, easy preparation,

and low cost of bentonite.

AMINE-FUNCTIONALIZED MOFs

MOFs have attracted considerable attention for their potential

applications in CO2 capture and separation, due mainly to their well-

ordered porous structures that exhibit extremely high inner surface

areas, high pore volumes and tunable chemical functionality pro-

vided by their organic moieties. Over the last decade, the function-

alization of MOFs with amine groups has been reported to be an

efficient strategy for enhancing the CO2 capture performance of these

materials. Table 3 provides a summary of the reported performance

data involving amine-functionalized MOFs for CO2 capture.

1.Amine-functionalized MOFs Prepared by Direct Synthesis

A number of amine-functionalized MOFs have been prepared

directly using amine-containing ligands as organic linkers to form

crystalline MOF structures. Several groups have reported amine-

functionalized MOFs synthesized using 2-aminoterephthalic acid

as the organic ligand. Lin et al. [131] synthesized amine-function-

alized MIL-101(Cr) using an OH--assisted hydrothermal technique

Table 3. CO2 capture by amine-functionalized MOFs

Adsorbent Amine type
Temp.
(oC)

CO2 partial
pressure (atm)

Dry CO2 adsorption
capacity (mg/g)

Reference

NH2-MIL-101(Cr) 2-Amino-1,4-benzenedicarboxylic acid 16 25 0660 [131]
TEPA-MIL-101(Cr) Tetraethylenepentamine 25 01 0124 [132]
DETA-MIL-101(Cr) Diethylenetriamine 0 01 0079 [133]
NH2-MIL-101(Al) 2-Amino-1,4-benzenedicarboxylic acid 25 30 0616 [134]
NH2-MIL-53(Al) 2-Amino-1,4-benzenedicarboxylic acid 30 30 0295 [135]
NH2-MIL-53(Al) 2-Amino-1,4-benzenedicarboxylic acid 10 28 0334 [136]
NH2-MIL-53 (Al) 2-Amino-1,4-benzenedicarboxylic acid 25 01 0080 [137]
NH2-Zr-MOF 2-Amino-1,4-benzenedicarboxylic acid 0 01 0196 [138]
CAU-1 2-Amino-1,4-benzenedicarboxylic acid 0 01 0317 [139]
USO-2-Ni-A 2-Amino-1,4-benzenedicarboxylic acid 25 01 0140 [140]
(Me2NH2)In(NH2BDC)2 2-Amino-1,4-benzenedicarboxylic acid 25 30 0339 [141]
ED-Mg/DOBDC Ethylenediamine 25 00.0004 0066 [142]
ZTF-1 5-Aminotetrazole 0 01 0246 [143]
Mmen-Mg2(dobpdc) N,N'-Dimethylethylenediamine 25 00.0004 0088 [144]
Cu24(TPBTM6−)8−(H2O)24 N,N',N''-Tris(isophthalyl)-1,3,5-

enzenetricarboxamide
25 20 1034 [145]

Cu3(btc)2(3-picolylamine)2 3-Picolylamine 0 01 0140 [146]
UMCM-1-NH2 2-Amino-1,4-benzenedicarboxylic acid 0 01 0064 [147]
UMCM-1-NH2 2-Amino-1,4-benzenedicarboxylic acid 25 18 0869 [148]
NJU-Bai3 5-(4-Carboxybenzoylamino)-

isophthalic acid
0 01 0273 [149]

CPF-13 3,5-Diamino-1,2,4-triazole 25 01 0159 [150]
Mmen-CuBTTri N,N’-Dimethylethylenediamine 25 00.15 0105 [151]
H3[(Cu4Cl)3-(BTTri)8]-en Ethylenediamine 25 01 0055 [152]
Zn2(C2O4)(C2N4H3)2-(H2O)0.5 3-Amino-1,2,4-triazole 0 01.2 0191 [153]
bio-MOF-11 Adenine 0 01 0264 [154]
Zn2(Atz)2(ox) 3-Amino-1,2,4-triazole 0 01 0189 [155]
PPN-6-CH2DETA Diethylenetriamine 22 01 0189 [156]
[Cd(NH2-bdc)(bphz)0.5]·DMF·H2O}n 2-Aminobenzenedicarboxylic acid+

1,2-bis(4-pyridylmethylene) hydrazine
−78 01 0230 [157]

ZIF-en Ethylenediamine 35 10 0211* [158]

* mg CO2/cm3 adsorbent
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(Fig. 14). The prepared MOF possessed a surface area up to 1,675

m2/g, small mean particle size of approximately 50 nm, and a CO2

capture capacity of up to 660mg/g 
adsorbent

 (16 oC, 25 atm). Si et al.

[139] reported amine-decorated 12-connected MOF CAU-1 syn-

thesized using 2-aminoterephthalic acid as organic ligand that exhib-

ited a high heat of adsorption for CO2 (48 kJ/mol), high CO2 uptake

capacity (317mg/g 
adsorbent

 at 0 oC, 1 atm), and an impressive selec-

tivity for CO2 over N2 (101 : 1 at 0
oC). Arstad et al. [140] synthe-

sized three types of amine-functionalized MOFs based on Al, Ni

and In. At 25 oC, the highest CO2 adsorption capacities achieved

by these amino-functionalized adsorbents reached 140mg/g 
adsorbent

at a CO2 pressure of 1.0 atm.

Some also reported the direct synthesis of amine-functionalized

MOFs using amine-containing azole as an organic linker. Panda et

al. [143] reported a three-dimensional amine-functionalized zeolitic

tetrazolate framework (ZTF-1) produced from a reaction of Zn(NO3)2
with 5-aminotetrazole in a N,N-dimethylformamide (DMF) solu-

tion in the presence of N,N-dimethylformamide-azine-dihydrochlo-

ride (Fig. 15), which showed a CO2 uptake of 246mg/g adsorbent (0
oC,

1 atm). Zhai et al. [150] reported an anionic porous framework with

amine-decorated polyhedral cages using 3,5-diamino-1,2,4-triazole

and 1,4-H2BDC as complementary ligands, which exhibited a CO2

uptake capacity of 159mg/g 
adsorbent

 (25 oC, 1 atm), as well as high

CO2/N2 and CO2/CH4 selectivity (31 : 1 for CO2 : N2, and 5 : 1 for

CO2 : CH4 at 0
oC, 1 atm). Vaidhyanathan et al. [153] reported an

MOF with amine-lined pores. The material was synthesized solvo-

thermally using zinc carbonate with 3-amino-1,2,4-triazole and oxalic

acid as the organic ligand and co-ligand, respectively; a CO2 uptake

of 191mg/g 
adsorbent

 (0 oC, 1.2 atm) was obtained.

Zheng et al. [145] reported an rht-type MOF constructed from a

hexacarboxylate ligand with acylamide groups, N,N',N''-tris(isoph-

thalyl)-1,3,5-benzenetricarboxamide. This compound exhibited a

large CO2 uptake of 1,034mg/g adsorbent (25
oC, 20 atm), enhanced

heat of adsorption, and higher selectivity toward CO2/N2 compared to

an analogous MOF with alkyne groups, PCN-61. Duan et al. [149]

reported an agw-type porous framework (NJU-Bai3) with inserted

amide functional groups, based on 5-(4-carboxybenzoylamino)-

isophthalic acid as a multidentate ligand. This compound exhibited

a CO2 storage capacity of 273mg/g adsorbent (0
oC, 1 atm), high adsorp-

tion heat (36.5 kJ/mol), and highly selective CO2 capture over N2

and CH4 (60.8 for CO2: N2 and 46.6 for CO2: CH4 at 0
oC, 20 atm).

An et al. [154] synthesized cobalt adeninate bio-MOFs using ade-

nine as a building block for CO2 capture. The bio-MOF-11 had a

CO2 capacity of 264mg/g adsorbent (0
oC, 1 atm), high heat of adsorp-

tion for CO2 (45 kJ/mol), and impressive selectivity for CO2 over

N2 (81 : 1 at 0
oC). Haldar et al. [157] reported two isomeric MOFs

composed of a mixed-ligand system. The surface of both frame-

works is decorated with pendant -NH2 and =N-N= functional groups,

which makes them to show excellent selectivity for CO2 among

other gases (N2, O2, H2, and Ar). The highest CO2 adsorption amount

was approximately 230mg/g 
adsorbent

 (195K, 1 atm). Thompson et

al. [158] reported the introduction of amine functionality into ZIF-

8 through a synthetic approach of introducing 2-aminobenzimida-

zole as a partial substitution linker to the original 2-methy imida-

zole.

2. Amine-functionalized MOFs Prepared by Post Synthesis

Method

Thus far, amine-functionalized MOFs prepared by a post-synthetic

method have been achieved mostly through amine immobilization

to the open metal coordination sites of the MOF matrix (Fig. 16).

Wang et al. [132] immobilized TEPA on the coordinatively unsat-

urated Cr (III) sites in MIL-101, which showed excellent CO2 cap-

ture selectivity over CO (70.2 at 25 oC, 0.4 atm). Analysis of the

cyclic adsorption performance revealed the high stability of the ad-

sorbent (the adsorbent was regenerated at 100 oC under high vac-

uum for 1 h). Kim et al. [133] immobilized DETA onto the coordi-

natively unsaturated Cr sites in MIL-101. They reported a significant

decrease in surface area of MIL-101 after DETA grafting, which

caused an overall reduction of the CO2 capture capacity, despite the

increased CO2 adsorption capacity under lower pressure conditions

Fig. 14. Synthesis of amine-functionalized MIL-101(Cr) using an
OH-assisted hydrothermal technique [131].

Fig. 15. Synthesis of ZTF-1 [Zn(II), blue; C, black; N, green] [143].

Fig. 16. Surface functionalization of the dehydrated MIL-101
through selective grafting of amine molecules (i.e. ethyl-
enediamine) onto coordinatively unsaturated sites, and fol-
lowed by the attack of an amino group on CO2 [133].
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(<15 kpa). Choi et al. [142] modified Mg-MOF-74 by immobili-

zation of its open metal coordination sites with ethylenediamine to

introduce pendent amines to the MOF micropores, which increased

the CO2 adsorption capacity under ultra-dilute CO2 partial pressure

conditions. Demessence et al. [152] similarly immobilized ethyl-

enediamine to H3[(Cu4Cl)3-(BTTri)8] MOF with Cu (II) open metal

sites, which exhibited a CO2 uptake of 55mg/g adsorbent (25
oC, 1 atm),

and displayed a very high isosteric heat of adsorption of 90 kJ/mol.

Lu et al. [156] reported polyamine-tethered porous polymer net-

works through the aromatic chloromethylation of the PPN-6 struc-

ture and subsequent polyamine substitution. The product, PPN-6-

CH2DETA, exhibited an exceptionally high heat of adsorption (57kJ/

mol) and large adsorption selectivity for CO2 over N2 (442). Thomp-

son et al. [158] prepared a ZIF having a mixed linkers and subse-

quent post-synthetic modication of a mixed-linker ZIF with ethylene-

diamine, which showed improvement in adsorption selectivity for

the CO2/CH4 gas pair over ZIF-8 as well as an increase in the heat

of adsorption for CO2.

The incorporation of amine groups into the MOF structure by a

post-synthesis method normally leads to a decrease in the surface

area and pore volume of the original MOF matrix, which often causes

a reduction of the total CO2 capture capacity after amine incorpora-

tion. In addition, the open metal coordination sites of MOF have

proven to be effective in CO2 capture [22,25]. The loss of these active

sites after amine incorporation also leads to decrease in CO2 cap-

ture capacity. In this regard, the direct synthesis of an amine-function-

alized MOF using an amine-containing ligand may be advantageous

in terms of the CO2 capture capacity. Compared to the original MOFs,

the amine-functionalized MOFs exhibited enhanced CO2 capture

selectivity over other gases (such as CH4, N2), higher CO2 uptake

in the low pressure regions, and high isosteric heat of adsorption.

CONCLUSIONS AND OUTLOOK

Over the past few decades, a variety of nanoporous materials in-

cluding mesoporous silica and alumina, zeolite, carbon, porous poly-

mer and MOFs, have been functionalized with amine species for

CO2 capture. This review article provides an overview of the recent

advances in such amine-functionalized nanoporous materials as CO2

adsorbents with an emphasis on their preparation methods and CO2

capture capacities as well as stability.

Mesoporous silica materials have been studied widely as a support

material for amine functionalization through both physical impreg-

nation and chemical grafting methods. A large number of amine

moieties can be accommodated inside the mesoporous silica sup-

port, leading to a hybrid material with a large CO2 capture capacity.

In addition, the CO2 capture performance of amine-functionalized

mesoporous silica can be improved when water is involved in the

adsorption process. These features make amine-functionalized meso-

porous silica promising for practical applications in post-combustion

CO2 capture. A few reports involved amine-impregnated mesoporous

alumina for CO2 capture. Amine-impregnated mesoporous alumina

show similar CO2 capture performance to that achieved by amine-

impregnated mesoporous silica. The thermal stability of the amine

species employed should be considered carefully for long-term imple-

mentation. A properly designed mesoporous material with a large

pore volume consisting of large mesopores and textural porosity is

desirable as a support material.

With regard to microporous materials, such as zeolite, carbon

and MOFs, the introduction of amine species to their pore systems

through post synthesis normally leads to reduced CO2 capture capac-

ity, due to a decrease in surface area and pore volume, or the oc-

cupation of the open metal sites in MOFs by the amines intro-

duced, but an improvement in CO2 capture selectivity. Consider-

able attention has been focused on the direct synthesis of amine-

functionalized MOFs using amine-containing ligands as a structural

constituent owing to such disadvantages. The hydrothermal stability

of the MOFs should be improved significantly for practical imple-

mentation. Amine-incorporated MOFs by direct methods can be

supplemented further with features such as open metal sites, inter-

penetration and ion-exchange possibility of the host MOF struc-

tures to produce an adsorbent with exceptional CO2 capture capacity

and high CO2/N2 or CO2/CH4 selectivity. Carbon can emerge as a

strong candidate even for amine-grafting because of its abundance,

low cost, and surface functionality.

Few studies have examined CO2 capture by amine-functionalized

porous polymers prepared by direct or post synthesis. The synthe-

sis of a porous polymer is growing rapidly and should be exploited

more actively to come up with mass-produced and economic CO2

capturing adsorbents.
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