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Abstract Combination of active and thermally stable
amino acid-functionalized ionic liquids (AAILs) with
high surface area and porosity of mesocellular silica
foams (MCF) to form a robust CO, sorbent is investi-
gated in this study. These sorbent composites (MCF-x)
are synthesized by immobilizing three AAILs (Gly, Lys,
and Arg) into MCF by a simple wet-impregnation meth-
od. The prepared AAILs and MCF-x sorbents are char-
acterized by N, adsorption/desorption, small-angle X-
ray scattering (SAXS), elemental analysis (EA), and
Fourier-transformed infrared (FTIR) spectroscopies.
Their corresponding CO, sorption—desorption perfor-
mance at 348 K under ambient pressure using dry
15 % CO, is also studied. The obtained results show
that the AAILs have low CO, sorption capacities and
rates because of their high viscosities. The MCF-x sor-
bents, however, exhibit remarkable enhancement of
sorption capacities and fast kinetics. Among these sor-
bents, MCF-Lys possesses the superior sorption capac-
ity of 1.38 mmolcos/gsorvents the higher tolerance to
water moisture and much better long-term durability
which may be a promising sorbent for CO, capture
applications.
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1 Introduction

Recently, global warming caused by the increased raise of
CO, concentration in the atmosphere because of the
extensive use of fossil fuels has been a severe environ-
mental problem (Raskar et al. 2013; Bhatta et al. 2015;
Granados-Correa et al. 2015). Therefore, it is urgent to
develop technologies to efficiently and economically
capture CO, from large stationary sources, for instance,
coal-fired power plants, cement, steel factories, and so on.
Generally, amine absorption technologies, which have
been mostly used in the post-combustion process, are
limited by the high capital, operation costs, and high-
energy consumption during regeneration of the sorbents.
Alternatively, it has been reported that nanoporous
solids such as microporous zeolites, porous carbon mate-
rials, porous coordination polymers, and organic nano-
structures can be used in sequestration of CO, via
physisorption (Hyun et al. 1999; Zhu et al. 2012; Wang
etal. 2014; Shietal. 2015). However, these materials show
low-CO; sorption capacity, poor selectivity, poor tolerance
to water, and high-temperature regeneration which are
unable to be utilized for practical industrial applications.
During the recent years, amine-functionalized or-
dered mesoporous silicas (OMSs), which can be carried
out in two routes, chemical grafting and physical im-
pregnation, are widely studied for applications as CO,
sorbents. In terms of the former method, primary, sec-
ondary, and tertiary amine-containing compounds have
been modified onto the OMSs which were able to cap-
ture CO, with enhanced durability and resistance to
moisture as compared with other supports such as
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activated carbon, metal-organic frameworks (MOFs),
silica gel, and pristine silica (Houshmand et al. 2012;
Khan et al. 2014; Kishor and Ghoshal 2015; Yao et al.
2015; Arellano et al. 2016). In terms of latter method,
many kinds of amine-containing compounds such as
diamines, polyamines, polyaniline (PANI),
tetraethylenepentamine (TEPA), and polyethylenimine
(PEI), etc. were immobilized into mesoporous supports
(MCM-41, MCM-48, KIT-6, and SBA-15) which can
exhibit high-CO, sorption capacities that is ca. 2-30
times higher than that of pristine supports and amine
compounds (Sanz et al. 2012; Lin and Bai 2013;
Linneen et al. 2013; Sanz-Perez et al. 2013; Ma et al.
2014; Cogswell et al. 2015; Ullah et al. 2015; Wang
et al. 2015). However, this preparation route can suffer
from the worse durability of long-term operation.

Tonic liquids (ILs), which consist of organic molten
salts, possess many unique properties, such as negligible
vapor pressures, good thermal stability, tunable solubil-
ity for both organic and inorganic molecules, and much
synthetic flexibility (Bara et al. 2010; Gurkan et al.
2010). The first report on the solubility of CO, in
imidazolium-based ILs was proposed by Blanchard
et al. (1999) in 1999. However, the physical absorption
of CO, between imidazolium rings was too low to be
sufficient for practical applications. Accordingly, many
works (Bates et al. 2002; Fukumoto et al. 2005;
Gutowski and Maginn 2008; Zhang et al. 2009;
Goodrich et al. 2011a; Wang et al. 2011) were inten-
sively focused on the synthesis of amine-functionalized
ILs to improve CO, absorption capacity. Even though
the CO, absorption in amine-functionalized ILs was
significantly enhanced, the use of ILs is still hindered
due to their highly viscous properties. Thus, it may be a
promising strategy to incorporate the viscous amine-
functionalized ILs into high surface area of porous sup-
port in order to increase the CO, mass transfer and
maintain the thermal stability of solid sorbents as well.

In this work, the physical wet-impregnation method
was used to immobilize amino acid-functionalized ionic
liquids (AAILSs, (3-aminopropyl)tributylphosphonium
amino acid salts)) into mesocellular silica foams
(MCF) which may enhance the durability and maintain
the high-sorption capacity of solid sorbents. Three dif-
ferent AAILs were synthesized by using a three-step
process. A fixed amount of AAILs was dissolved in
water and then immobilized into MCF by treating with
a simple impregnation method. The fabricated MCF-x
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sorbents (x denotes the different kind of amino acids,
i.e., glycine (Gly), L-lysine (Lys), and L-arginine (Arg).
These MCF-x sorbents were found to have enhanced
CO, sorption capacities, rates, and excellent durability
of long-term operation, revealing potential opportunities
for practical applications in post-combustion CO,
capture.

2 Experimental
2.1 Sample Preparation

The pure MCF samples were prepared based on the
methods reported earlier (Schmidt-Winkel et al. 1999).
Typically, 2 g of Pluronic 123 was dissolved in 75 mL of
aqueous 1.6 N HCI at room temperature, followed by
addition of 12 mg of NH4F (ACROS) and 1.5 g of
trimethylbenzene (TMB; 98 %, ACROS). Then, 4.3 g
of TEOS was added to the mixture after stirring for 1 h
at 313 K. The resultant solution was stirred at 313 K for
20 h and then aged at 373 K for 24 h. The solid products
of as-synthesized MCF were filtrated with deionized
(DI) water, dried at room temperature overnight and
followed by removal of organic template by calcination
at 823 K.
(3-Aminopropyl)tributylphosphonium 1-«-
diaminocaproic acid salts were synthesized by a three-
step route. Firstly, (3-aminopropyl)tributylphosphonium
bromide hydrobromide was prepared by mixing tri-n-
butylphosphine and 3-bromopropylamine hydrobromide
in acetonitrile at 353 K for 24 h. After acetonitrile was
evaporated at 353 K, the solid was dried under vacuum at
353 K for 24 h. The resultant solid was washed with hexane
under reflux until the upper hexane phase had no tributy
Iphosphine. The (3-aminopropyl)tributylphosphonium
bromide hydrobromide was obtained by drying at 353 K
for 24 h. Secondly, the (3-aminopropyl)tributylphosphonium
bromide hydrobromide was dissolved in deionized water and
passed through a OH-type anion exchange resin column
until CI” species were not be detected. The (3-
aminopropyl)tributylphosphonium hydroxide solution
can be obtained by rotation evaporation under reduced
pressure at 313 K. Thirdly, the synthesis of amine-
functionalized ionic liquids (glycine (Gly), L-lysine
(Lys) and L-arginine (Arg)) was carried out by neutral-
izing the (3-aminopropyl)tributylphosphonium hydrox-
ide solution with calculated amino acid (Gly, Lys, and
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Arg). Then the solvents were removed by rotating evap-
oration, followed by drying at 353 K under vacuum for
24 h.

The synthesized A AlLs-incorporating MCF sorbents
were prepared by a facile physical impregnation meth-
od. In a typical run, calcined MCF (0.5 g) were first
dried at 398 K for 6 h in air, then, deposited the mixture
solution with the calculated amounts of AAILs. The
products (denoted as MCF-x, x=Gly, Lys, and Arg)
were obtained by drying at 353 K overnight.

2.2 Sample Characterizations

Fourier transform infrared (FTIR) spectra were obtained
on a spectrometer (Bruker Tensor 27) with 4 cm ™' res-
olution using KBr pellets at room temperature. To obtain
bulk compositions of samples, elemental analyses (EA)
were performed by using a CHN elemental analyzer
(Heraeus variolll). Small-angle X-ray scattering
(SAXS) of all samples was measured on a Nanostar U
system (Bruker, AXS Gmbh). Nitrogen adsorption iso-
therms were conducted at 77 K using a Micromeritics
ASAP 2020 system and the corresponding specific sur-
face areas were calculated from nitrogen adsorption data
in the relative pressure (P/Py) range from 0.05 to 0.2 via
Brunauer—-Emmett-Teller (BET) equation. The pore
volumes were derived from the adsorption branch using
Barrett-Joyner—Halenda (BJH) model.

2.3 CO, Sorption—Desorption Tests

The CO, sorption and desorption properties of various
sorbents were investigated by a thermogravimetric ana-
lyzer (TGA, PerkinElmer Pyris 6). Firstly, ca. 10 mg of
sorbent loaded in a ceramic cell was ramped to 373 K by
flowing N, with a flow rate of 50 mL min ™", followed
by maintaining at 373 K for at least 30 min to remove
the moisture in the sorbents. Secondly, the sample tem-
perature was lowered to 348 K under N, flow and then
introduced 15 % dry CO,/85 % N, into the TGA cell ata
flow rate of 50 mL min '. After 40 min of sorption
process, the gas was switched to pure N, flow with a
flow rate of 50 mL min ™' to carry out desorption process
at the same temperature for 110 min. The sensitivity and
accuracy of TGA microbalance are 10 pg and 0.1 %,
respectively. To evaluate the effect of moisture in the
flue gas on the CO, sorption performance, a modified
TGA system with a water saturator (Liu et al. 2011,
2012) was used. For sorbents durability tests, the cyclic

sorption/desorption measurements were repeated for ten
times while monitoring the sorption/desorption capaci-
ties over multiple cycles.

3 Results and Discussion

As shown in Fig. 1(a), the FTIR spectrum of the pure
MCF indicates two distinctive peaks at 1,079 and
968 cm " attributed to Si-O-Si and Si-OH stretching,
respectively. In terms of AAILs (Gly, Lys, and Arg), at

si-o-s17 oM

On-n

Transmittance (a.u.)

MCF-Ar

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(b)

(100)
(110) (200) MCF

MCF-Gly

MCF-Lys

MCF-Arg

0.5 1.0 15 2.0 25 3.0

2 theta
(©

gu-un-m I-D“D_Q—D—DJ—EI—D—D—D—D-EL{DL"

(¢

MCF-Gly
00000 O”O+O*O+O—O—O.—O’—O—O—OW 99 W

MCF-Lys
AAMMAANAAL— A DDA A PP A AL DR AR

Volume Adsorbed (a.u.)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P))

Fig. 1 a FTIR spectra, b small-angle X-ray scattering patterns,
and ¢ N, adsorption—desorption isotherms of various ionic liquids,
MCF, and MCF-x sorbents
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least three weak peaks can be observed at ca. 1,590 cm ™

(NH; scissoring vibration), 2,931 and 2,818 cm ! (CH
stretching vibration). The nitrogen contents of AAILs
can be found in Table 1. After incorporating them onto
the MCF, the features of FTIR spectra mentioned above
are also observed, indicating the existence of AAILS in
the MCF. Furthermore, nitrogen contents measured by
EA were observed to range from 7.6 to 11.9 wt% in the
MCF-x samples (Table 2). The small-angle X-ray scat-
tering patterns of the pristine MCF and MCF-x can be
seen in Fig. 1(b). The MCF has one predominant (100)
peak and two weak (110) and (200) diffraction features
at 260 of ca. 0.34°, 0.58°, and 0.85°, suggesting the
possible formation of the monodisperse spheres (cells)
of MCFs that the uniformly sized spherical cells are
interconnected by windows of uniform size (Schmidt-
Winkel et al. 1999). Nevertheless, upon impregnating
Gly, Lys, and Arg into the pristine substrate, the diffrac-
tion peak intensities are notably decreased probably
because of the incorporation of AAIL compounds,
which result in less ordering of mesostructure. Addition-
ally, the N, adsorption/desorption curves of the pristine
MCEF samples (see Fig. 1(c)) also revealed typical fea-
tures of mesoporosity, i.e., type-IV isotherms with evi-
dent hysteresis loops. However, the diminishing of hys-
teresis loops can be observed upon incorporating a fixed
amount of AAILs in the MCF-x samples. This may be
due to the blockage of mesoporous channels. As sum-
marized in Table 2, it is worthy to note that total pore
volume (V) and BET surface area (Sgpt) are remark-
able decreased for MCF-x samples as compared to the
pristine MCF samples, indicating a large amount of pore
filling of MCF by AAILs. Combined the data from
FTIR, SAXS, and N, adsorption—desorption isotherms,
the successful synthesis of MCF-supported amine-func-
tionalized ILs is confirmed.

CO, sorption/desorption cycles of various AAILs
and MCF-x at 348 K were obtained by using TGA under
atmospheric pressure and their corresponding curves are
shown in Fig. 2. Due to the switch of gas flow stream in
the CO, sorption—desorption system, a sudden increase
of CO, sorption at ca. 40 min was observed. The CO,
sorption capacities of various sorbents are also listed in
Table 1 and Table 2. Theoretically, about 1-2 mol CO,
can be sorbed per mol of Gly, Lys, and Arg which
contain two to four amino groups in one molecule based
on the 1:2 stoichiometry. However, the AAILs (Gly,
Lys, and Arg) can only sorb ca. 0.09-0.34 mmolcoy/
Zsorvent (€a. 0.028-0.116 mol CO,/mol AAILs), which
was far below the theoretical value. This finding may be
ascribed to the relatively high viscosities of AAILs
which hinder the mass transfer of CO,. In this work,
the decrease of CO, sorption capacities, amine efficien-
cies (CO,/N), and rates in the AAILs (Gly > Lys > Arg;
see Table 1) may be due to an increase in the viscosities
of the AAILs such that Gly < Lys < Arg (54.2 <81.7 <
124.8 mPas at 348 K; Zhang et al. 2009). In addition,
formation of hydrogen bonds in the AAILs via amino
groups among themselves and hence may cause ineffec-
tiveness for CO, sorption (Zhang et al. 2009). Interest-
ingly, it is noteworthy that the CO, desorption capacity
of Lys was ca. 47 % which may be due to occurrence of
the solidification (Ren et al. 2012) after the sorption of
CO, by Lys. To circumvent these problems, the amine-
functionalized ILs were immobilized into MCF which
has hierarchical structure and high BET surface area
(677 m* g ). It can be seen that MCF-x sorbents ex-
hibited remarkably enhanced sorption capacities, higher
amine efficiencies (CO,/N) and sorption rates
(Table 2) compared to pristine AAILs. In particular,
because of the high primary amino groups (three amino
groups in one molecule), the sorption capacities of

Table 1 Physicochemical properties and CO, sorption performances of various ionic liquids

Sample N ct COyN R
(Wt%) (mmol g™ (mmol mmol ) (mmol g ' min" ")
Gly 83 0.34 0.058 0.09
Lys 10.5 0.20 0.026 0.08
Arg 18.9 0.09 0.007 0.01

#Nitrogen content measured by elemental analysis
° €O, sorption capacity
¢ CO, sorption rate
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Table 2 Physicochemical properties and CO, adsorption performances of pure MCF and MCF-x sorbents

Sample N Vot Spet’ o COy/N R°
(Wt%) (ecm® g ") m?>g™h (mmol g ) (mmol mmol ") (mmol g "' min™")
MCF - 222 677 - - -
MCF-Gly 7.6 0.27 33 0.58 0.107 0.23
MCF-Lys 8.2 0.26 40 1.38 0.233 0.40
MCF-Arg 119 0.38 47 0.63 0.074 0.13

#Nitrogen content measured by elemental analysis

® Total pore volumes calculated as the amount of N, adsorbed at P/P,=0.99

¢ Brunauer-Emmet-Teller (BET) surface areas
40, sorption capacity
¢ CO, sorption rate

MCF-Lys and MCF-Arg were increased by 700 % that
of Lys and Arg, respectively. The obtained results show
that the MCF-x sorbents can overcome the high viscos-
ities of AAILs and possess significantly enhanced CO,
sorption capacities (0.58—1.38 mmolcos/gsorbent) and
rates (reach the equilibrium plateau within 15 min). This
could be due to the enhancement of mass transfer area in
the AAILs upon incorporation. As can be seen in
Table 2, there are no obvious correlations between the
CO, sorption capacities of the synthesized samples and
their corresponding physicochemical properties (BET
surface areas, total pore volumes and nitrogen contents).
Nonetheless, the CO, sorption capacities may be related
to the ratios of primary amino groups (Ko et al. 2011)
and the viscosities of ILs in the MCF-x sorbents. Com-
pared with the sorption capacity of MCF-Lys, sorption
capacity of MCF-Arg was found to decrease
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Fig. 2 CO, adsorption/desorption curves of various ionic liquids
and MCF-x sorbents

remarkably, which could be due to the possible forma-
tion of hydrogen bonds among the Arg molecules
(Goodrich et al. 2011b), thus rendering them ineffective
for CO, sorption. In terms of desorption capacity, almost
100 % of CO; can be desorbed within ca. 80 min in the
MCF-Gly and MCF-Arg. However, the lowest desorp-
tion rate of MCF-Lys was observed, which may be due
to the above-mentioned solidification phenomenon of
Lys during CO, capture. To further study the CO,
sorption mechanism, IR spectroscopic studies of MCF-
Lys sorbents before and after CO, sorption were con-
ducted. As can been seen in Fig. 3, the sorbents possess
a band at ca. 1,600 cm ' which can be assigned to the
COQO" group in the AAILSs prior to CO, sorption. After
sorption of CO,, a new shoulder feature can be found at
ca. 1650 cm™!, which is attributed to the formation of

2
&
3
=
g
E
2 fresh MCF-Lys
g used MCF-Lys
=)
2
T T T T T T T
2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 1R spectra of MCF-Lys sorbents before and after CO,
sorption
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carbamate because of CO, chemical absorption
(Ren et al. 2012) on MCF-Lys sorbents. The possible
CO, adsorption mechanism can be illustrated as be-
low. Generally, aqueous amine can absorb CO, in a
1:2 (CO, to amino) stoichiometry (Rochelle 2009).
However, in terms of amino-functionalized ILs, both
mechanisms of 1:2 (Bates et al. 2002) and 1:1
(Goodrich et al. 2011b) stoichiometry have been re-
ported. In this study, the MCF-x sorbents may follow
1:2 stoichiometry which the amino groups would
react with CO, to form carbamic acid, followed by
further reacting with another amino groups to form
carbamate and ammonium ion, as illustrated in the
following equations.

R-NH, + CO,; s R-NHCOOH (1)

R-NHCOOH + R-NH, 5 R-NHCOO"
+ R-NH3" (2)

For practical applications in CO, capture, these solid
sorbents were further evaluated in terms of moisture in
flue gas and cyclic sorption—desorption performance
during long-term operation. As shown in Fig. 4, the
effects of water vapor contents in the flue gas on CO,
sorption of the MCF-x sorbents were examined. It was
found that while the water vapor content increased from
0to 2.5 %, the CO, sorption capacities of MCF-Gly and
MCF-Arg were decreased by 33 %. This observation
may be associated with the hydrogen bond interaction
between AAILs and water, which leads to the sorption
competition between water and CO, (Ludwig and Kragl
2007; Ren et al. 2012). However, CO, sorption

=
=y

capacities were almost intact as the water vapor content
further increased from 2.5 to 10.6 %. Among these
sorbents, the MCF-Lys has the superior tolerance to
the water vapor since only 8 % loss of sorption capacity
was observed in the presence of 10.6 % water moisture.

The CO, sorption—desorption cycles of MCF-x are
displayed in Fig. 5. It can be seen that ca. 26 % loss in
CO, sorption capacities, which may result from the
weight loss of the incorporated AAILs, were found for
MCF-Gly and MCF-Arg after the tenth sorption—de-
sorption cycle (i.e., total operation period of ca. 25 h)
at 348 K under dry 15 % CO, concentration. Previously,
ILs have been reported to have some volatility even
though they have ultralow vapor pressure (Jiang et al.
2013; Wang et al. 2013; Zhao et al. 2013). The AAILs
attached to the porous silica surface were formed via
weak physical forces and may leach out to the gas
stream owing to the concentration difference. However,
CO, sorption capacity of MCF-Lys showed a surpass-
ingly stable (2 % loss) in the tenth adsorption—desorp-
tion cycle, which can be probably attributed to the lower
volatility and solidification posting the CO, sorption.
The results show that the MCF-Lys sorbents possess the
higher CO, sorption capacity, better resistance to water
moisture, and excellent long-term stability among all the
MCF-x sorbents.

4 Conclusions

Three different amine-functionalized ILs were prepared
and incorporated into the mesocellular silica foam
(MCF-x) as sorbents for post-combustion CO, capture.

Fig. 4 Effect of moisture
concentrations on CO, sorption
capacity of MCF-x sorbents
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Fig. 5 Cyclic runs of CO, -
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The synthesized ILs and sorbents were thoroughly char-
acterized by various spectroscopies and their CO, sorp-
tion—desorption performance were also investigated.
The MCF-x possesses the well-dispersed amine-func-
tional groups of ILs on porous support which can en-
hance the CO, sorption capacities and rates. In addition,
the good thermal stability of ILs can assist the durability
of sorbents. Among them, MCF-Lys has the highest
CO, sorption capacity of 1.38 mmolcon/gsorbent and best
long-term durability which may be a potential candidate
for post-combustion CO, capture.
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