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 Innovative amino acid (AA) and AA-

complex based solid sorbents were
developed for CO2 capture.
 Complexed AA had improved AA
water solubility and higher CO2
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 The factors affecting CO2 adsorption
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unique properties.
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a b s t r a c t
For the ﬁrst time, amino acid (AA) and AA-complex based solid sorbents for CO2 removal were investigated by immobilizing AAs and AA-complexes into porous polymethylmethacrylate (PMMA) microspheres. Deposition of pure AAs into porous PMMA supports led to limited CO2 adsorption in sorbents,
because large AA particles or crystals were formed during deposition of pure AAs into PMMA microspheres and some pores of the PMMA microspheres were clogged. Among the AA sorbents studied,
Arginine (Arg) solid sorbents had the highest CO2 adsorption capacity. Interestingly, by forming AAcomplexes with other polymers, we substantially improved AA water solubility, achieved uniform immobilization of AAs inside PMMA microspheres, and obtained high CO2 adsorption capacity. We found that
the types of AA-complexes, complex loading capacity, and ratio of AAs in the complexes could have signiﬁcant effects on CO2 adsorption properties. Especially, complexing Arg with a strong polyelectrolyte
(i.e. polystyrene sulfonate) resulted in substantially improved AA water solubility and high CO2 adsorption capacity. Our developed AA-complex based solid sorbents could be innovative since they could
eliminate concerns related to potential equipment corrosion as well as high heat duty associated with
aqueous solvent regeneration all the while retaining the advantageous properties (high thermal stability,
excellent biocompatibility, and negligible volatility) of AAs.
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1. Introduction
Due to the possible relationship between anthropogenic CO2
and global warming, CO2 capture from power plants has attracted
more and more interest [1–6]. Among the current capture technologies including solvents, membranes, and solid sorbents, amine
scrubbing using aqueous amine solutions has been used on a small
scale in industry for CO2 capture [2,7–10]. Alkanolamines such as
monoethanolamine (MEA), diethanolamine, and N-methyldiethanolamine have been extensively studied as absorbents to selectively capture CO2 [11–13]. Although these alkanolamines seem
to present many advantages, they suffer from some inherent shortcomings including amine loss and degradation, high absorbent
regeneration energy, and corrosiveness to equipment [14–16].
Additionally, these organic solvents are highly toxic and volatile
and, as such, they are not environmentally friendly [17]. Ionic liquids (ILs) have attracted much attention as green solvents because
of their extremely low vapor pressures, high thermal and chemical
stability, and tunable physicochemical properties [17–20]. However, commercial ILs are expensive and their preparation processes
are complicated [17,21]. Recently, aqueous alkaline salts of amino
acids (AAs) have been evaluated as alternatives for alkanolamines
and ILs for CO2 removal [22–27]. Compared to the traditional
amines (e.g. MEA), AAs present a number of advantages such as
superior thermal stability, excellent biocompatibility, and negligible volatility [21,26]. Meanwhile, AA salt solutions have similar
or even greater CO2 capacity compared to MEA; and AAs are much
cheaper than ILs and can be produced in large quantities [28].
However, current amine solvent systems require intensive
regeneration energy and present problems such as equipment corrosion and foaming issues [3]. By contrast, solid sorbents are believed
to be able to eliminate corrosion problems and substantially reduce
energy requirements (e.g. a reduction of 30–50%) for regeneration
than the current MEA-based CO2 scrubbing process [1,14,29–33].
The physisorption of CO2 on porous adsorbents, such as zeolites, silica gels, porous aluminas, activated carbons, and metal–organic
frameworks, has been extensively investigated [34–39]. Unfortunately, CO2 capture based on these porous adsorbents suffers from
low selectivity and water tolerance [16,29]. Grafting of amine functionalities onto porous solid supports with a high surface area would
combine the attractive features of solvent systems with solid sorbents [40,41]. Therefore, many types of amine functionalities, such
as polyethyleneimine and task-speciﬁc ionic liquids, have been
immobilized into porous support materials for CO2 removal [42–49].
In order to take advantage of the strengths of both solid sorbents and AAs, in this contribution, we demonstrated the feasibility of developing, for the ﬁrst time, AA and AA-complex based
sorbents as new types of solid sorbents for CO2 removal.
2. Materials and methods
2.1. Material
Arginine (Arg), Arginine ethyl ester (AEE), ornithine (Orn), histidine (His), aspartic acid (Asp), hexadecyl trimethyl ammonium
bromide (HTAB), Span 20 (S-20), sodium dodecyl sulfate (SDS),
polystyrene sulfonate (PSS, MW = 70,000), and MEA were purchased from Sigma Aldrich Co. (St. Louis, MO). Polymethylmethacrylate (PMMA) microspheres with a speciﬁc surface area of
470 m2/g were purchased from Supelco Co. (Bellefonte, PA).
2.2. Characterization of AAs and AA-complexes
AA and AA-complex solutions were prepared by dissolving AA or
AA-complex in deionized water. Solubility of AAs and AA-complexes
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was examined. AA or AA-complex of a speciﬁc amount was added to
deionized water followed by vortexing. Particles remained un-dissolved were weighed and solubility was calculated by dividing the
amount of AA dissolved by the volume of water. Zeta potential
and colloidal size of Arg, PSS, and Arg/PSS complexes were determined using a Zetasizer 2000 (Malvern, Westborough, MA). Particles formed upon freeze-drying were examined using scanning
electron microscopy or SEM (Hitachi S-4700, Tokyo, Japan).
2.3. Preparation of AA and AA-complex based solid sorbents
Arg, AEE, Orn, His, and Asp were investigated in this study to
develop AA based sorbents; Asp was selected as a representative
of negatively-charged AAs and the other AAs had good CO2 absorption capacities when used as solvents [22]. A well-studied physical
immobilization method was applied to prepare AA and AA-complex based solid sorbents. Similar to our previous studies [14,31],
400 mg of PMMA microspheres was ﬁrst mixed thoroughly in a
glass vessel with an AA or AA-complex solution (see Supporting
information, Fig. S1). Next, the mixed solution was placed in a rotary evaporator (IKA, Wilmington, NC) using a stirring rate of
100 rpm with vacuum applied for 30 min. The suspension solution
was then heated until boiling under vacuum and kept heating until
water was completely evaporated. The resultant AA-impregnated
PMMA (designated as AA-PMMA, e.g. Arg-PMMA) sorbents or
AA-complex-impregnated PMMA (designated as AA-complexPMMA, e.g. Arg/PSS-PMMA) sorbents were collected and placed
in a vacuum oven at 120 °C overnight and subsequently stored.
2.4. Characterization of AA and AA-complex based solid sorbents
The morphologies of AA and AA-complex based PMMA solid
sorbents were examined using SEM. PMMA sorbent microspheres
were cut in half or into pieces using a thin sharp blade under optical microscopy; broken microspheres and whole PMMA sorbent
microspheres were mounted onto stainless steel supports and
gold-sputtered. The surfaces of the broken microspheres (crosssection) and whole PMMA sorbent microspheres were imaged.
The adsorption and desorption performance of AA and AA-complex based PMMA solid sorbents was determined using thermogravimetric analysis (TGA) (Perkin Elmer, Waltham, MA). Similar
to our previous protocols [14,31], approximately 20 mg of the
PMMA sorbents was placed in the TGA microbalance quartz sample cell ﬁlled with ﬂowing N2 gas (100%), heated to 105 °C by
20 °C/min, and kept at 105 °C for 60 min until no weight loss
was observed. The temperature was then decreased by 20 °C/min
to 40 °C, at which point 100% dry CO2 was introduced for CO2
adsorption. When no obvious weight gain was observed, the gas
was switched to pure N2 to desorb CO2 via pressure-swing. The
desorption cycle was terminated when no obvious weight loss
was noticed. The ﬂow rates of N2 and CO2 were 200 ml/min. The
weight gain and loss of the PMMA sorbent microspheres were
recorded. The CO2 adsorption capacity in molCO2/(kg sorbent)
was calculated from the weight change of the samples during the
adsorption process.
3. Results and discussion
In this study, AA solid sorbents were ﬁrst developed by mixing
PMMA microspheres with aqueous AA solutions followed by evaporation of the solvent (see Supporting information, Fig. S1). AAs
were selected as adsorption materials because they have superior
thermal stability, excellent biocompatibility, negligible volatility,
and excellent CO2 absorption capacity as solvents [22–27,50].
Nanoporous PMMA microspheres were chosen as the support
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Fig. 1. Typical SEM images of (a) cross-section and (b) higher magniﬁcation of PMMA microspheres.

material, because they possess large speciﬁc surface area (BET surface area of 470 m2/g) and a hierarchical structure of multi-scaled
pores, which are beneﬁcial for the development of amine based
solid sorbents. As shown in Fig. 1, the PMMA microspheres have
an interconnected porous network within the PMMA framework
which can facilitate CO2 diffusion.
The CO2 adsorption properties of AA solid sorbents were examined and a few AAs (i.e. Arg, His, Orn, Asp, and AEE) were examined
(Fig. 2). In general, the amino groups of AAs that are immobilized in
PMMA microspheres can react with CO2 molecules thereby capturing CO2 and producing ammonium carbamates under anhydrous
conditions [16,30]. We found that Arg-, His-, and Orn-PMMA
sorbents (AA loading of 20 wt.%) presented low CO2 adsorption
capacity with capacities of 0.5 molCO2/(kg sorbent) for Arg-PMMA
sorbent, 0.2 molCO2/(kg sorbent) for His- and Orn-PMMA
sorbents, and 0.1 molCO2/(kg sorbent) for Asp- and AEE-PMMA
sorbents. We next examined the effect of Arg loading in Arg-PMMA
sorbents on CO2 adsorption capacity. Fig. 3 shows the CO2 adsorption capacity at 40 °C of the sorbents with various Arg loadings. The
CO2 adsorption capacity increased with increasing Arg loading and
achieved a maximum adsorption capacity of 0.5 molCO2/(kg sorbent) at 20 wt.% of Arg. Further increasing Arg loading to 40 and
50 wt.%, the CO2 adsorption capacity decreased dramatically.
Therefore, the adsorption capacity of pure AA immobilized solid
sorbents was low overall.
The SEM images shown in Fig. 4 could explain the low capacity
of PMMA sorbents immobilized with pure AAs. PMMA microspheres exhibited a porous structure (Fig. 4b); however, the distribution of AAs within the PMMA microspheres was non-uniform.
More problematically, large AA particles or crystals (Fig. 4a, inset)
formed inside and outside the PMMA microspheres during sorbent
preparation (Fig. 4) and some pores of the PMMA microspheres

Fig. 2. CO2 adsorption capacity of AA-PMMA sorbents. The content of AAs in the
sorbents was 20 wt.%. Inset shows a schematic illustration of AAs inside PMMA
microspheres and their CO2 capture process.

Fig. 3. CO2 adsorption capacity of Arg-PMMA sorbents vs. Arg loading.

were clogged (Fig. 4b). The formation of large AA particles or crystals could probably be attributed to the low water solubility of AAs;
for instance, the solubility of Arg was about 0.06 g/ml (Table 1).
Moreover, during CO2 adsorption, salt bridges or hydrogen-bonded
networks of amine-CO2 zwitterions may form and may inhibit further diffusion of CO2 from the surface into the interior of PMMA
microspheres [29,51,52] thereby leading to low utilization of Arg
molecules. The decrease in CO2 adsorption capacity with increasing
Arg loading (Fig. 3) most likely was also due to the ‘‘overloading’’ of
Arg, which resulted in the blockage of PMMA pores and a decrease
in accessible gas–Arg interface areas [29,53].
Since AA solid sorbents had low CO2 adsorption capacity, they
probably would not be feasible for practical industrial CO2
removal. In order to improve their CO2 adsorption capacity, efforts
were devoted to inhibiting the formation of large AA particles or
crystals, which leads to low surface area, during sorbent formation.
Among the AAs studied, Arg exhibited the highest CO2 adsorption
capacity (due to its multiple amino groups) and thus was selected
for such efforts. Our strategy was to form AA-complexes with a
variety of surfactants or polymers (e.g. HTAB, S-20, SDS, and PSS).
Table 1 presents the water solubility of Arg before and after complex formation. We found that the introduction of HTAB, S-20, and
SDS led to a mild increase while PSS resulted in a substantial increase in water solubility. After being complexed with PSS at an
Arg/PSS monomer molar ratio of 1:1, the solubility of Arg (0.3 g/
ml) was ﬁvefold of that of pure Arg. The solubility of Arg further increased with a decreasing molar ratio of Arg to PSS monomer and,
compared to pure Arg, approximately 10-fold solubility (0.5 g/ml)
was achieved at the Arg/PSS monomer molar ratio of 1:2 (Table 1).
The size and zeta potential values of formed Arg/PSS complexes
were examined. As shown in Fig. 5, Arg was positively charged
and PSS negatively charged with zeta potential values of +10 and
40 mV, respectively. Upon complexing, the Arg/PSS complexes
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Fig. 4. SEM images of (a) as-developed Arg-PMMA sorbents and (b) their inside microstructure. Inset (a) shows a typical large Arg particle or crystal formed on the surface of
Arg-PMMA sorbents. Highlighted (dotted red lines) areas in (b) indicate AA-rich areas that clogged some pores within Arg-PMMA sorbents. The Arg loading in the sorbents
was 20 wt.%. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 1
Water solubility of Arg before and after complex formation.

a

Sample

Arg solubility (g/ml)

Arg
Arg/HTAB (molar ratioa of 1:1)
Arg/S-20 (molar ratioa of 1:1)
Arg/SDS (molar ratioa of 1:1)
Arg/PSS (molar ratioa of 2:1)
Arg/PSS (molar ratioa of 1:1)
Arg/PSS (molar ratioa of 1:2)

0.06
0.07
0.08
0.09
0.15
0.3
0.5

Molar ratio of Arg to the monomer of corresponding polymer.

Arg/PSS complex (1:1 M ratio) formed nanoparticles of 100 nm
and, by contrast, pure Arg formed much larger microsized crystals
(Fig. 6). These results demonstrated that nano-scale complexes
could be formed and large crystal formation could be inhibited
by mixing Arg with polymers like PSS.
AA-complexes were subsequently used to develop AA-complex
based solid sorbents. PMMA microspheres were mixed with
aqueous AA-complex solutions followed by solvent evaporation
(Supporting information, Fig. S1). We found that, at the same level
of Arg loading, Arg/PSS-PMMA sorbents had substantially higher
CO2 adsorption capacity compared to Arg-PMMA sorbents
(Fig. 7). The higher the molar ratio of Arg to PSS monomer, the
higher the CO2 adsorption capacity (Fig. 7); the CO2 adsorption
capacity of Arg/PSS-PMMA sorbents [0.5 molCO2/(kg sorbent)] at

Fig. 5. Zeta potential and size of Arg, PSS, and Arg/PSS complexes. Ratios in
parentheses are the molar ratios of Arg to PSS monomer.

had negative charges with zeta potential values of approximately
30 mV (Fig. 5). The complex size of Arg/PSS was about 3 nm
(Fig. 5). Upon freeze-drying, particles were formed where the

Fig. 7. CO2 adsorption capacity of Arg and Arg-complex based PMMA sorbents. The
ratios in parentheses represent the molar ratio of Arg to the monomer of the
corresponding polymer. Arg content in all samples was 10 wt.%.

Fig. 6. SEM images of (a) Arg and (b) Arg/PSS complex upon freeze-drying. In (b), the molar ratio of Arg to PSS monomer was 1:1.
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Fig. 8. SEM microstructures of (a and b) Arg/PSS- and (c and d) Arg/SDS-PMMA sorbents. (a and c) Sorbent surface and (b and d) cross-sectional surface inside the sorbents.
The molar ratio of Arg to the monomers of PSS and SDS was 1:1.

Fig. 9. Schematic illustration of CO2 interaction with AA-complexes (e.g. Arg/PSS) in solid sorbents.

the Arg/PSS monomer molar ratio of 2:1 was 2.5 times of that of
Arg-PMMA sorbents [0.2 molCO2/(kg sorbent)]; the Arg loading
in both sorbents was 10 wt.% (Fig. 7). Meanwhile, complexing
Arg with SDS did not lead to signiﬁcant enhancement of CO2
adsorption capacity (Fig. 7). The differences in CO2 adsorption
capacity among Arg/PSS-, Arg/SDS-, and Arg-PMMA sorbents were
probably attributed to differences in their sorbent microstructures.
One can see that Arg/PSS-PMMA sorbents had porous structures
both inside and outside the PMMA microspheres and the distribution of Arg/PSS complexes was uniform inside the microspheres
(Fig. 8a and b). By contrast, Arg/SDS-PMMA sorbents had a much
denser microstructure both inside and outside (Fig. 8c and d),
and as aforementioned, Arg-PMMA had non-uniform Arg distribution and formation of large Arg particles or crystals (Fig. 4). Therefore, Arg/PSS-PMMA sorbents retained highly porous structures
which could provide effective channels for the diffusion of CO2
molecules toward and away from the CO2-adsorbing molecules
(i.e. Arg). In addition, the interaction between Arg and the strong

polyelectrolyte PSS (Fig. 9) might have weakened the potential
hydrogen-bond interactions among Arg molecules [54] thereby
inhibiting crystal formation. The primary and secondary amino
groups in Arg can react with CO2 to form carbamates [30]; however, the majority of such groups would be inaccessible upon the
formation of large Arg particles or crystals in the case of Arg-PMMA
sorbents.
Most importantly, the CO2 adsorption capacity of Arg/PSSPMMA sorbents was substantially improved via controlling the
loading of Arg/PSS complexes. The CO2 adsorption capacity of
Arg/PSS-PMMA sorbents was found to increase and then decrease
with increasing Arg/PSS loading, and a CO2 adsorption capacity of
1.3 molCO2/(kg sorbent) was achieved at 25 wt.% loading
(Fig. 10). The CO2 adsorption capacity of Arg/PSS-PMMA sorbents
is comparable to the newly reported propylamine-functionalized
mesoporous silica sorbents which had a capacity of 1.4 molCO2/
(kg sorbent) at 25 °C and 1 atm [41]. It is worth noting that the
sorption rate and capacity of Arg/PSS-PMMA sorbents in ﬂue gas
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Appendix A. Supplementary material
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Fig. 10. CO2 adsorption capacity vs. Arg loading in Arg/PSS-PMMA sorbents.

from power plants are expected to decrease due to lower CO2 partial pressure [47]. Similar to other amine sorbents, higher loading
of Arg/PSS (30 wt.% of Arg) likely blocked the porous channels of
the sorbents, causing CO2 diffusion limitations [1], and leading to
reduced CO2 adsorption capacity. It was generally believed that a
CO2 adsorption capacity of >1.0 molCO2/(kg sorbent) may potentially be practical for industrial CO2 removal [55].
It is worth noting that AA solvents have recently attracted great
interest for CO2 removal [22–27]. However, AA solvents often
require an equimolecular amount of base (e.g. KOH) to free their
amino groups which otherwise would be protonated [56,57]. As a
result, most AA solvents are highly basic (e.g. pH 11 or higher)
leading to equipment corrosion concerns in practical uses. Our
developed AA-complex based solid sorbents would eliminate the
concerns related to potential equipment corrosion as well as high
heat duty associated with aqueous solvent regeneration all the
while retaining the advantageous properties of AAs including their
high thermal stability, excellent biocompatibility, and negligible
volatility. Considering that CO2 is a massive emission worldwide,
long-term stability and low-cost regeneration of AA-complex
based solid sorbents are important and will be addressed in future
studies. For instance, the regeneration of AA-complex based solid
sorbents can be carried out through a temperature-swing process.
Loss of sorption capacity may occur during multiple cycles but may
be reduced via stabilizing AA-complexes within sorbents through
covalent bonding [58,59].
4. Conclusions
This report describes the attempt to immobilize AAs and
AA-complexes into porous PMMA microspheres to construct robust solid sorbents for CO2 removal. Due to its low water solubility,
pure AAs formed large particles or crystals inside PMMA microspheres resulting in low CO2 adsorption capacity. By contrast,
immobilization of Arg/PSS complexes into porous PMMA microspheres signiﬁcantly enhanced the CO2 adsorption capacity. This
is probably because Arg/PSS complex based sorbents had highly
porous structures that allowed easy diffusion of CO2 into and out
of the porous support thereby leading to enhanced CO2 adsorption
capacity. SEM imaging conﬁrmed that Arg/PSS-PMMA sorbents had
ﬁne microstructures and no large particles or crystals were observed, zeta potential experiments showed that the Arg/PSS complexes were at the nanometer scale, and the developed Arg/PSS
complex based sorbents could be innovative for CO2 removal.
Acknowledgments
As part of the National Energy Technology Laboratory’s Regional
University Alliance (NETL-RUA), a collaborative initiative of the

References
[1] Hwang CC, Jin Z, Lu W, Sun ZZ, Alemany LB, Lomeda JR, et al. In situ synthesis of
polymer-modiﬁed mesoporous carbon CMK-3 composites for CO2
sequestration. ACS Appl Mater Inter 2011;3:4782–6.
[2] Rochelle GT. Amine scrubbing for CO2 capture. Science 2009;325:1652–4.
[3] Siriwardane HJ, Bowes BD, Bromhal GS, Gondle RK, Wells AW, Strazisar BR.
Modeling of CBM production, CO2 injection, and tracer movement at a ﬁeld
CO2 sequestration site. Int J Coal Geol 2012;96–97:120–36.
[4] Cristobal J, Guillen-Gosalbez G, Jimenez L, Irabien A. Multi-objective
optimization of coal-ﬁred electricity production with CO2 capture. Appl
Energy 2012;98:266–72.
[5] Huang B, Xu SS, Gao SW, Liu LB, Tao JY, Niu HW, et al. Industrial test and
techno-economic analysis of CO2 capture in Huaneng Beijing coal-ﬁred power
station. Appl Energy 2010;87:3347–54.
[6] Sun R, Li Y, Liu H, Wu S, Lu C. CO2 capture performance of calcium-based
sorbent doped with manganese salts during calcium looping cycle. Appl
Energy 2012;89:368–73.
[7] Bates ED, Mayton RD, Ntai I, Davis JH. CO2 capture by a task-speciﬁc ionic
liquid. J Am Chem Soc 2002;124:926–7.
[8] Gurkan BE, de la Fuente JC, Mindrup EM, Ficke LE, Goodrich BF, Price EA, et al.
Equimolar CO2 absorption by anion-functionalized ionic liquids. J Am Chem
Soc 2010;132:2116–7.
[9] Ma XL, Wang XX, Song CS. ‘‘Molecular Basket’’ sorbents for separation of CO2
and H2S from various gas streams. J Am Chem Soc 2009;131:5777–83.
[10] Li B, Duan Y, Luebke D, Morreale B. Advances in CO2 capture technology: a
patent review. Appl Energy 2013;102:1439–47.
[11] Ramachandran N, Aboudheir A, Idem R, Tontiwachwuthikul P. Kinetics of the
absorption of CO2 into mixed aqueous loaded solutions of monoethanolamine
and methyldiethanolamine. Ind Eng Chem Res 2006;45:2608–16.
[12] Aroonwilas A, Veawab A. Characterization and comparison of the CO2
absorption performance into single and blended alkanolamines in a packed
column. Ind Eng Chem Res 2004;43:2228–37.
[13] Hoff KA, Juliussen O, Falk-Pedersen O, Svendsen HF. Modeling and
experimental study of carbon dioxide absorption in aqueous alkanolamine
solutions using a membrane contactor. Ind Eng Chem Res 2004;43:4908–21.
[14] Li BY, Jiang BB, Fauth DJ, Gray ML, Pennline HW, Richards GA. Innovative nanolayered solid sorbents for CO2 capture. Chem Commun 2011;47:1719–21.
[15] Li S, Wang Z, Yu X, Wang J, Wang S. High-performance membranes with multipermselectivity for CO2 separation. Adv Mater 2012;24:3196–200.
[16] Choi S, Drese JH, Jones CW. Adsorbent materials for carbon dioxide capture
from large anthropogenic point sources. ChemSusChem 2009;2:796–854.
[17] Deng RP, Jia LS, Song QQ, Su S, Tian ZB. Reversible absorption of SO2 by amino
acid aqueous solutions. J Hazard Mater 2012;229:398–403.
[18] Fukumoto K, Yoshizawa M, Ohno H. Room temperature ionic liquids from 20
natural amino acids. J Am Chem Soc 2005;127:2398–9.
[19] Welton T. Room-temperature ionic liquids. Solvents for synthesis and
catalysis. Chem Rev 1999;99:2071–83.
[20] Jiang YY, Wang GN, Zhou Z, Wu YT, Geng J, Zhang ZB. Tetraalkylammonium
amino acids as functionalized ionic liquids of low viscosity. Chem Commun
2008;5:505–7.
[21] Deetlefs M, Seddon KR. Improved preparations of ionic liquids using
microwave irradiation. Green Chem 2003;5:181–6.
[22] Munoz DM, Portugal AF, Lozano AE, de la Campa JG, de Abajo J. New liquid
absorbents for the removal of CO2 from gas mixtures. Energy Environ Sci
2009;2:883–91.
[23] Kumar PS, Hogendoorn JA, Feron PHM, Versteeg GF. Equilibrium solubility of
CO2 in aqueous potassium taurate solutions: Part 1. Crystallization in carbon
dioxide loaded aqueous salt solutions of amino acids. Ind Eng Chem Res
2003;42:2832–40.
[24] Paul S, Thomsen K. Kinetics of absorption of carbon dioxide into aqueous
potassium salt of proline. Int J Greenh Gas Control 2012;8:169–79.
[25] Majchrowicz ME, Brilman DWF. Solubility of CO2 in aqueous potassium Lprolinate solutions-absorber conditions. Chem Eng Sci 2012;72:35–44.
[26] Hussain MA, Soujanya Y, Sastry GN. Evaluating the efﬁcacy of amino acids as
CO2 capturing agents: a ﬁrst principles investigation. Environ Sci Technol
2011;45:8582–8.

118

B. Jiang et al. / Applied Energy 109 (2013) 112–118

[27] Vaidya PD, Konduru P, Vaidyanathan M, Kenig EY. Kinetics of carbon dioxide
removal by aqueous alkaline amino acid salts. Ind Eng Chem Res
2010;49:11067–72.
[28] Kim M, Song HJ, Lee MG, Jo HY, Park JW. Kinetics and steric hindrance effects of
carbon dioxide absorption into aqueous potassium alaninate solutions. Ind
Eng Chem Res 2012;51:2570–7.
[29] Wang JT, Long DH, Zhou HH, Chen QJ, Liu XJ, Ling LC. Surfactant promoted solid
amine sorbents for CO2 capture. Energy Environ Sci 2012;5:5742–9.
[30] Goeppert A, Czaun M, May RB, Prakash GKS, Olah GA, Narayanan SR. Carbon
dioxide capture from the air using a polyamine based regenerable solid
adsorbent. J Am Chem Soc 2011;133:20164–7.
[31] Jiang B, Kish V, Fauth DJ, Gray ML, Pennline HW, Li B. Performance of aminemultilayered solid sorbents for CO2 removal: effect of fabrication variables. Int
J Greenh Gas Control 2011;5:1170–5.
[32] Monazam ER, Shadle LJ, Siriwardane R. Performance and kinetics of a solid
amine sorbent for carbon dioxide removal. Ind Eng Chem Res
2011;50:10989–95.
[33] Fisher JC, Tanthana J, Chuang SSC. Oxide-supported tetraethylenepentamine
for CO2 capture. Environ Prog Sustain 2009;28:589–98.
[34] Shen WZ, Zhang SC, He Y, Li JF, Fan WB. Hierarchical porous polyacrylonitrilebased activated carbon ﬁbers for CO2 capture. J Mater Chem
2011;21:14036–40.
[35] McDonald TM, Lee WR, Mason JA, Wiers BM, Hong CS, Long JR. Capture of
carbon dioxide from air and ﬂue gas in the alkylamine-appended metal–
organic framework mmen-Mg2(dobpdc). J Am Chem Soc 2012;134:7056–65.
[36] D’Alessandro DM, Smit B, Long JR. Carbon dioxide capture: prospects for new
materials. Angew Chem Int Ed 2010;49:6058–82.
[37] Siriwardane RV, Shen MS, Fisher EP. Adsorption of CO2 on zeolites at moderate
temperatures. Energy Fuels 2005;19:1153–9.
[38] Srikanth CS, Chuang SSC. Spectroscopic investigation into oxidative
degradation of silica-supported amine sorbents for CO2 capture.
ChemSusChem 2012;5:1435–42.
[39] Wang JS, Manovic V, Wu YH, Anthony EJ. A study on the activity of CaO-based
sorbents for capturing CO2 in clean energy processes. Appl Energy
2010;87:1453–8.
[40] Li W, Bollini P, Didas SA, Choi S, Drese JH, Jones CW. Structural changes of silica
mesocellular foam supported amine-functionalized CO2 adsorbents upon
exposure to steam. ACS Appl Mater Inter 2010;2:3363–72.
[41] Zhao GY, Aziz B, Hedin N. Carbon dioxide adsorption on mesoporous silica
surfaces containing amine-like motifs. Appl Energy 2010;87:2907–13.
[42] Gray M, Hoffman J, Hreha D, Fauth D, Hedges S, Champagne K, et al. Parametric
study of solid amine sorbents for the capture of carbon dioxide. Energy Fuels
2009;23:4840–4.
[43] Xu XC, Song CS, Andresen JM, Miller BG, Scaroni AW. Novel polyethyleniminemodiﬁed mesoporous molecular sieve of MCM-41 type as high-capacity
adsorbent for CO2 capture. Energy Fuels 2002;16:1463–9.

[44] Li PY, Ge BQ, Zhang SJ, Chen SX, Zhang QK, Zhao YN. CO2 capture by
polyethylenimine-modiﬁed ﬁbrous adsorbent. Langmuir 2008;24:6567–74.
[45] Yan XL, Zhang L, Zhang Y, Yang GD, Yan ZF. Amine-modiﬁed SBA-15: effect of
pore structure on the performance for CO2 capture. Ind Eng Chem Res
2011;50:3220–6.
[46] Zhang J, Zhang S, Dong K, Zhang Y, Shen Y, Lv X. Supported absorption of CO2
by tetrabutylphosphonium amino acid ionic liquids. Chem Eur J
2006;12:4021–6.
[47] Ren J, Wu LB, Li BG. Preparation and CO2 sorption/desorption of N-(3aminopropyl) aminoethyl tributylphosphonium amino acid salt ionic liquids
supported into porous silica particles. Ind Eng Chem Res 2012;51:7901–9.
[48] Wang XX, Schwartz V, Clark JC, Ma XL, Overbury SH, Xu XC, et al. Infrared
study of CO2 sorption over ‘‘Molecular Basket’’ sorbent consisting of
polyethylenimine-modiﬁed mesoporous molecular sieve. J Phys Chem C
2009;113:7260–8.
[49] Wang X, Akhmedov NG, Duan Y, Luebke D, Li B. Immobilization of amino acid
ionic liquids into nanoporous microspheres as robust sorbents for CO2 capture.
J Mater Chem A 2013;1:2978–82.
[50] Ma JW, Zhou Z, Zhang F, Fang CG, Wu YT, Zhang ZB, et al.
Ditetraalkylammonium amino acid ionic liquids as CO2 absorbents of high
capacity. Environ Sci Technol 2011;45:10627–33.
[51] Wyttenbach T, Witt M, Bowers MT. On the stability of amino acid zwitterions
in the gas phase: the inﬂuence of derivatization, proton afﬁnity, and alkali ion
addition. J Am Chem Soc 2000;122:3458–64.
[52] Qi GG, Wang YB, Estevez L, Duan XN, Anako N, Park AHA, et al. High efﬁciency
nanocomposite sorbents for CO2 capture based on amine-functionalized
mesoporous capsules. Energy Environ Sci 2011;4:444–52.
[53] Wang X, Ding B, Yu J, Wang M. Engineering biomimetic superhydrophobic
surfaces of electrospun nanomaterials. Nano Today 2011;6:510–30.
[54] Scheiner S, Kar T, Gu Y. Strength of the CaH  O hydrogen bond of amino acid
residues. J Biol Chem 2001;276:9832–7.
[55] Khatri RA, Chuang SSC, Soong Y, Gray MM. Thermal and chemical stability of
regenerable solid amine sorbent for CO2 capture. Energy Fuels
2006;20:1514–20.
[56] Aronu UE, Hessen ET, Haug-Warberg T, Hoff KA, Svendsen HF. Vapor–liquid
equilibrium in amino acid salt system: experiments and modeling. Chem Eng
Sci 2011;66:2191–8.
[57] Lim J, Kim DH, Yoon Y, Jeong SK, Park KT, Nam SC. Absorption of CO2 into
aqueous potassium salt solutions of L-alanine and L-proline. Energy Fuels
2012;26:3910–8.
[58] Zhao W, Zhang Z, Li Z, Cai N. Investigation of thermal stability and continuous
CO2 capture from ﬂue gases with supported amine sorbent. Ind Eng Chem Res
2013;52:2084–93.
[59] Hedin N, Andersson L, Bergström L, Yan J. Adsorbents for the post-combustion
capture of CO2 using rapid temperature swing or vacuum swing adsorption.
Appl Energy 2013;104:418–33.

