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ABSTRACT: Two new basic ionic liquids (ILs) are designed and synthesized in order to conquer the challenge arising from the
capture of CO, in flue gas whose temperature is over 373 K, and they possess a suitable basic strength to adsorb CO, at 393 K
with the capacity of 22—49 mg g~'. After these ILs are immobilized on mesoporous alumina or silica, equimolar CO, capture is
realized at 393 K for the first time. Besides, these adsorbents can be regenerated at 443 K to form a feasible cycle for controlling
CO, emission in flue gas. Theoretical calculations indicated the key role played by the mesoporous support in promoting CO,
adsorption via electrostatic interactions between support and ILs. An unwonted promotion of the support’s {-potential on the
performance of ILs is revealed, which induces the immobilized ILs to be oriented in a favorable dispersion, enhancing the
efficiency of ILs in the CO, adsorption at elevated temperature. This study proposes a new strategy for the sustainable

development of novel adsorbent.
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1. INTRODUCTION

Fossil fuels provide ca. 87% of the world’s energy," but the
released CO, from coal-fired plants accounts for about 33—40%
of global CO, emissions.” Capturing and sequestering CO, in
exhaust streams of fossil combustion is thus crucial but
challenging because of the relative high temperature of flue
gas up to 403—473 K.> Even though it is quite possible to cool
the flue gas below 373 K and then conventional zeolites can be
used, this process will need much more power input and greatly
decreases the generating efficiency.” There are many other
materials used to adsorb CO, at lower temperature, such as
functionalized SBA-15 silica,3b alkali metal exchanged ferrier-
ites,* and sulfur-doped carbons, which shows high adsorption
capacities of CO, at 273 K (4 mmol g_l).3Cl However, zeolites,
activated carbon, hydrotalcite, and most of the metal organic
framework (MOF) are weak to trap CO, once the temperature
exceeds 373 K, and the application of alkali metal oxide or alkali
earth metal oxides is limited by their high regeneration
temperature up to 1173 K,*"® while amine-based sorbents
suffer from the drawback of evaporative loss and degrada-
tion.” ' Thus, fabricating new basic sorbent permitting
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efficient CO, capture in flue gas with mild regeneration
temperature in the range 373—473 K is a great challenge
spurring the development of new functional materials. Ionic
liquids (ILs) are competitive candidates due to their negligible
vapor pressures, high thermal stability, and tunable properties.""
They preserve the proper basicity similar to that of amines and
have a higher thermal stability. Particularly, many excellent
properties of ILs such as high capacity, low absorption enthalpy,
and outstanding reversibility can be achieved by tuning their
structure."*™'* For instance, Wang et al.'? designed the basic
ILs, [P66614] [Im] (trihexyl(tetradecyl)phosphonium imida-
zole) to achieve equimolar CO, capture at 293 K. However,
CO, adsorption by ILs has been confined so far to ambient
temperature, similar as that by amines (below 373 K). Besides,
the absolute absorption amount of CO, by [P66614] [Im] at
293 K was about 80 mg g~' owing to its large molar mass
(almost 550 g mol™"), and this value is far less than that by
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amine-supported sobents (237 mg g~' at 308 K).'> Thus,
design and synthesis of new basic ILs with a smaller molar mass
for the CO, adsorption at relatively high temperature are
imperative. Here, P4444 (tetrabutylphosphonium) is chosen as
cation for the new IL because of its thermal stability and small
molar mass. It contains short alkyl chains so the new IL will
have a free volume smaller than that with long alkyl chains
(P66614), which enables more ILs to be accommodated into
the support with a fixed pore volume to elevate the adsorption
efficiency of CO,. Two anions are selected; imidazole with a
good basicity will be combined with P4444 to form the IL
named as PI while 3-aminopyrazole is used to produce the IL
denoted as PAP that owns more CO, adsorption sites (Scheme

1).

Scheme 1. Optimized Structure of Ionic Liquids PAP (left,
Mw = 341) and PI (right, Mw = 326)
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It is generally accepted that immobilization of ILs onto
porous supports is promising for CO, removal,'® enhancing the
mass transfer rate of CO, in sorbent and exerting the efficiency
of ILs themselves. The interactions between support and guest
such as relative weaker noncovalent or multipoint van der
Waals interactions can result in the quite strong binding of the
guests with the support cavities, bringing out remarkable
changes in the physicochemical properties of guest molecules.'”
Recently, the surface electrostatic property of support, usually
characterized by {-potential, is also reported to have a bi
impact on the dispersion of enzyme'® and release of drugs,"
but its influence on the immobilization of IL is unknown.
Several porous materials are thus selected here as the supports
for IL to fabricate the new efficient adsorbent trapping CO, at
elevated temperature. Among them, mesoporous alumina will
be emphatically investigated because of its success in fabrication
of efficient CO, adsorbent and new superbasic material.>*° The
special surface state of alumina enabled MgO microcrystalline
to insert into framework forming the concert-like structure and
adsorbing CO, in 423—673 K, while KNO; guest was
decomposed to form the superbasic species of K,0.”° Unlike
mesoporous silica keeping a negative {-potential,'®'® the ¢-
potential of porous alumina is capable to be adjusted by varying
its synthesis conditions and pore structure,*" which is expected
to have a positive effect on the immobilization and CO,
adsorption of ILs.

To the best of our knowledge, no ILs have been reported to
capture CO, at the temperature above 373 K. For this
challenge, the property function of new ILs and their
immobilization on porous support will be carefully studied in
order to fabricate the new sorbent capturing CO, above 373 K
but being regenerated below 493 K, since saving regeneration

energy is also crucial for the whole process of capturing and
sequestering CO,. Going forward, three types of porous
materials, silica, alumina, and carbon, are employed to evaluate
the influence of support on the loading and function of ILs,
while two ILs, with or without amino group, are assessed to
study the role played by amino group that is the main force of
amine-based sorbent. These immobilized ILs will be assessed in
the instantaneous CO, adsorption at very harsh condition® to
examine their actual performance. Especially, the possible
deactivation of CO, sorbent caused by amino group that
occurred in amine-based CO, sorbents>” will be investigated to
seek countermeasure.

2. EXPERIMENTAL SECTION

Materials. Tetrabutylphosphonium bromide ([P4444] Br), 3-
aminopyrazole, and imidazole (J&K chemical, China) were analytical
grade. The anion-exchange resin (Dowex Monosphere SS0A (OH))
was obtained from Dow Chemical Company. Activated carbon
(abbreviated as AC) made from coconut shell with a surface area of
about 1300 m* g™' and the most probable pore size of 1 nm was
provided by British American Tobacco.”® Graphene oxide (GO) with a
surface area of 327 m® g™ was synthesized consulting literature.”*
Zeolite NaY was purchased from market. All chemicals were obtained
in the highest purity grade available and used as received.

Synthesis of Basic ILs. A solution of [P4444] OH in water was
prepared from [P4444]Br using an anion-exchange resin. Afterward,
the [P4444][OH] solution was neutralized with equimolar quantities
of 3-aminopyrazole or imidazole, and the mixture was evaporated
under reduced pressure at 353 K and then dried with P,Og under
vacuum at 353 K for 48 h. The obtained ILs was denoted as PAP or PL

Synthesis of SBA-15 (abbreviated as S15), MCM-41 (M41), MCM-
48 (M48), and p-alumina (pA, which means mesoporous alumina)
were prepared according to refs 4, 25—28. The IL modified absorbents
were prepared by impregnation method as in the literature.”® A given
amount of ILs was dissolved in 10 g of ethanol under stirring for 0.5 h,
and then, 0.2 g of the support was added into the solution. After
stirring and refluxing for 2 h, the mixture was evaporated at 353 K,
followed by drying at 373 K for 1 h. These composites are denoted as
nIL/support, where n represents the weight percentage of ILs in the
sample, and the support is M41, M43, S15, pA, GO, or AC.

Characterizations. X-ray diffraction (XRD) patterns of samples
were recorded on an ARL XTRA diffractometer (power 40 kV, 40
mA) using Cu Ka radiation in the 2-0 range 6—90° or 0.6—6°. N,
adsorption—desorption isotherms were measured on a Micromeritics
ASAP 2020 system at 77 K, and the sample was evacuated at certain
temperature for 4 h prior to test. The Brunauer—Emmett—Teller
(BET) method was utilized to calculate the specific surface areas of
samples using adsorption branches acquired at the relative pressure
(P/P,) range 0.05—0.22, and the total pore volume was estimated
from the amount adsorbed at a relative pressure (P/P,) of 0.99. Pore
size distribution curves were calculated by using the improved Kruk—
Jaroniec—Sayari (KJS) method,?”® and the primary mesopore size of
samples was estimated on the basis of the relative pressure of the
condensation step in the adsorption branches of the isotherms. The
morphology of the sample was observed by scanning electron
microscopy (SEM) using a Hitachi $4800 FE-SEM system with 10
kV accelerating voltage and 10 mA of beam current, while transmission
electron microscopy (TEM) analysis was carried out on a JEM-1011
electron microscope operating at 200 kV. The Fourier transform
infrared (FT-IR) spectra were recorded on a NEXUS870 spectrom-
eter, and the sample was mixed with KBr.® The experiment of 'H
NMR was performed on a set of Bruker DPX-500 spectrometer, in
which DMSO was used as solvent. Thermogravimetric analysis (TGA)
of the IL-based adsorbent was performed on a STA 449 C instrument
under N, atmosphere with a heating rate of 10 K min™".

To assess the instantaneous adsorption ability of the sample under
dynamic conditions,® 30 mg of the sample was activated at a given
temperature such as 393 K for 1 h, and then, 0.164 mL of CO, was
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Table 1. Physicochemical Properties of the Samples

samples Sper (m*g™")  V, (em®g™')  Dyy (nm)  {-potential (mV)  amount of IL (mmol g™, A)  CO, ads. (mmol g™, B) B/A
MCM-41 1118 0.94 2.4 —-20.0 0 0.10
15PAP/M41 308 0.23 2.4 =577 0.44 021 0.48
33PAP/M41 32 0.03 —60.1 0.97 0.51 0.53
SOPAP/M41 7.5 0.01 —65.4 1.47 1.45 0.97
67PAP/M41 5.7 0.005 —66.5 1.96 1.84 0.94
15P1/M41 821 0.61 2.6 -59.3 0.46 0.17 0.37
33PI/M41 245 0.15 22 —-62.7 1.01 0.19 0.19
SOPI/M41 18 0.04 —65.7 1.53 0.64 0.42
67P1/M41 2 0.002 —68.4 2.05 091 0.44
p-ALO, 322 0.74 43 s11 0 023
1SPAP/pA 277 0.31 4.3 39.0 0.44 0.49 1.11
33PAP/pA 36 0.19 39.1 0.97 0.80 0.82
SOPAP/pA 13 0.035 3.8 1.47 1.20 0.79
1SPI/pA 241 0.26 4.2 45.0 0.46 0.65 1.41
33PI/pA 42 0.23 321 1.01 1.02 1.0
SOPI/pA 6.5 0.03 -9.3 1.53 1.16 0.76
a b
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Figure 1. Low-angle (a) and wide-angle (b) XRD patterns, TEM (c) and SEM images of p-alumina (pA) sample.

injected each time accompanied by carrier gas (30 mL min™"). The
residual CO, was detected by an “online” Varian 3380 gas
chromatograph and quantitatively measured by the external standard
method.® Adsorption amount of CO, by the samples for 15 injections
was denoted as mg CO, per gram of sorbent. To test the cycling ability
of sample, it was assessed in dynamic CO, adsorption at 393 K as
mentioned above. After then, the adsorbent was regenerated at 443 K
for 30 min under nitrogen atmosphere, and then, it was cooled again
to 393 K to start another cycle of CO, adsorption. Mass signals were
recorded on Ametek Dycor LC-D200 instrument during the
desorption process. On the other hand, the CO, adsorption isotherms
of ILs-based sample were measured using a Micromeritics ASAP 2020
static volumetric analyzer at the setting temperature.6 Prior to
adsorption experiment, the sample was degassed at 393 K for 12 h,
followed by introduction of CO, into the system. The gas adsorption
amount was then recorded in terms of adsorbed volume under
standard temperature and pressure (STP). With the assistance of the
equation PV = nRT, these data were converted to the amount of CO,
(mmol g™') at ordinary pressure (1 atm).

In situ FT-IR spectra of CO, adsorbed on the immobilized ILs were
recorded on a Nicolet 5700 FT-IR spectrometer. The sample was
purged with N, for 60 min at certain temperatures prior to taking a
background spectrum, and then exposed to a stream of CO, at a rate
of 10 mL min™" for 10 min, followed by a purge with N, for 60 min.

12949

Finally, the sample was heated to 473 K to release the adsorbed CO,.
All spectra were taken at certain temperature and the corresponding
background subtracted from them.

All calculations were performed by using the Gaussian03 programs
package.”® For each set of calculation, we calculated geometry and
energy optimizations for each IL, the free CO, molecule, and each
ILs—CO, complex at the B3LYP/6-31g level.

3. RESULTS

3.1. Preparation and Immobilization of Basic lonic
Liquids. The structure of new-designed basic ILs (Scheme 1)
is verified by FT-IR and '"H NMR measurements. As shown in
Supporting Information Figure S1, reactant P had a band of
—CH, at about 2900 cm™’, and reactant AP was characterized
with the band of —NH, near 1600 cm™;** these two bands
were observed on the spectrum of ionic liquid PAP,
demonstrating the successful combination of positive and
negative parts. Also, the spectrum of PI possessed the band of
—CH, at around 2900 cm™ and the character of 1052 cm™
that is the C—H bond in-plane bending vibrations in imidazole
ring30 originating from reactant I. Besides, 'H NMR data of
PAP were (Supporting Information Figure S1): 0.93 (m, 12 H,
CH,), 1.39-1.46 (m, 16H, (CH,),), 2.12-2.25 (m, 8H, D-
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Figure 2. Instantaneous adsorption of CO, on various porous materials (a) loaded with PAP at 393 K and (b) at different temperatures.

CH,), 6.95 (s, 2H, C, and Cs), 3.6 (s, 1H, NH,), and the data
of PI were: 0.92 (m, 12 H, CH,), 1.38—1.49 (m, 16H, (CH,),),
2.14-2.22 (m, 8H, P-CH,), 6.8 (s, 2H, C, and Cy).

Several porous materials were selected to support these basic
ILs, including mesoporous alumina (pA), mesoporous silica
such as MCM-41 (abbreviated as M41), MCM-48 (M48),
SBA-1S (S15), and zeolite NaY, graphene oxide (GO) as well
as activated carbon (AC), and their textual properties are listed
in Table 1 and Supporting Information Table S1. Besides, their
N, adsorption—desorption isotherms are shown in Supporting
Information Figure S3. Low-angle XRD pattern of pA sample
(Figure 1a) illustrates a single broad reflection with 2-6 value of
1°, which is a character of the mesoporous structure without
long-range order in the pore arrangement.>* Some very diffuse
and weak reflections were observed in the wide-angle XRD
patterns of pA sample (Figure 1b), representing a crystalline
phase similar to that of y-Al,O;. According to the images of
TEM and SEM (Figure lc and d), pA sample had the worm-
like pore structure and big agglomerated particles of several
micrometers with rough surface. Besides, pA has a positive ¢-
potential (51.1 mV, Table 1), opposite to that of M41 (—20
mV).

After immobilization of ILs, all mesoporous supports kept
their structure (Supporting Information Figure S4a, b, and ¢),
let alone those microporous materials such as zeolite and
activated carbon. As the amount of ILs rose to 50 wt %, the
XRD peak of SOPAP/pA sample became indistinct (Supporting
Information Figure S4c); meanwhile, 67PAP/M41 retained its
mesoporous structure, which might result from their different
surface areas (Table 1). Therefore, pA and M41 were chosen to
be emphatically studied in succeeding research. In the case of
M41 or pA with immobilized IL no more than 33 wt %, they
exhibited a kind of type IV isotherm with big uptake at high
partial pressures in N, adsorption—desorption test (Supporting
Information Figure SSa and c); however, this character was lost
when the loading amount reached 50 wt %. Also, the pore size
distribution of these immobilized samples was changed.
Especially, loading 33 wt % of PAP or PI filled the small
pores of about 4 nm in pA, and the loading amount of 50 wt %
blocked the pores of around 30 nm (Supporting Information
Figure S5d), since the organic liquid preferably fills the small
pores of support due to the optimal surface tension and host—
guest interaction.

A strange influence of dispersing IL on the surface area of
porous supports was observed on pA and M41. Immobilization

of PAP on M41 made the surface area of 1SPAP/M41 lowered
from 1118 to 308 m”> g~ (Table 1). Apart from the part caused
by the reduced proportion of M41 (85%) in sample
(theoretically, 168 m* g~' Supporting Information Table S2),
loading the guest PAP consumed a surface area of about 642 m*
g . In contrast, dispersing 15 wt % of PI on M41 reduced the
value from 1118 to 821 m* g”', and the part caused by loading
IL was 129 m® gfl. As the amount of IL guest rose to 33 wt %,
this difference was decreased; 717 m* g~' was reduced by
loading PAP while 504 m* g™' by PI on M4l support.
Nonetheless, it is very strange that the surface area of 15PAP/
pA sample (277 m* g”') was 14% smaller than that of pA (322
m® g7') as if no surface area was consumed by the loading
guest, while 33 m? g of reduced surface area was found on
15PI/pA composite, much smaller than that of 1SPI/M41 (129
m® ¢g'). Similarly, the values of 180 and 174 m*> g~' were
calculated on the samples of 33PAP/pA and 33PI/pA,
respectively, also less than those of 33PAP/M41 and 33PI/
M41. The mesoporous sorbents containing template and/or
amine inside channels usually showed a very small surface area
in N, adsorption measurement,'>**** since nitrogen diffusion
barrier in the organic bulk could hardly be overcome at low
temperature, but the reason why mesoporous alumina with a
relative small surface area kept a relative higher ratio of residual
value is unknown.

The immobilized ILs kept a better thermal stability than the
free ILs did (Supporting Information Figure S6), and their
decomposition temperature on the composite of SOPAP/M41,
SOPI/M41, SOPAP/pA, and SOPI/pA was 450 K, 473 K, 460 K,
and 500 K, respectively, higher than that of PAP (420 K) and
PI (430 K). To further check the thermal stability of ILs
supported on M41, two other samples, 67PAP/M41 and 33PI/
M41, were purged at 473 K in a N, flow for 2 h prior to FT-IR
test. No obvious change was observed on the spectra of 33P1/
M41 (Supporting Information Figure S7a), but the band of
amino group at about 1600 cm™' disappeared on that of
67PAP/M41 treated at 473 K (Supporting Information Figure
S7b). However, this amino group of 67PAP/M41 was stable at
463 K at least 2 h, which guarantees the application of
immobilized ILs at 453 K.

3.2. Adsorption of CO, at 393 K by Immobilized ILs.
Immobilization of ILs on mesoporous supports such as MCM-
41, MCM-48, SBA-1S5, and pA significantly enhances the CO,
adsorption capability of IL at 393 K (Figure 2a), even in the
harsh instantaneous adsorption test in which the contact time

dx.doi.org/10.1021/am5028814 | ACS Appl. Mater. Interfaces 2014, 6, 12947—12955
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with CO, is shorter than 2 s and the CO, concentration in gas
flow is about 5%.° With S0 wt % of PAP dispersed, these
adsorbents exhibited a capacity of 51—64 mg g~' at 393 K,
which was even higher than that of PAP itself (49 mg g").
However, zeolite NaY, graphene oxide (GO), and activated
carbon (AC) failed to promote the CO, adsorption capability
of PAP, and the capacities of PAP immobilized on these
materials were no more than 30 mg g~ (Figure 2a). To
investigate how the surface roughness of support affects the
immobilization of ILs, small amount of PAP (15%) was loaded
on SBA-15 and MCM-41 and its CO, adsorption capacity at
393 K was assessed. According to the study of Zukal et al, '
grafting of substance on SBA-1S5 leads to the plugging of
micropores and thus the smoothing of mesopore surface will
first take place. Therefore, 15% of IL will first plug the
micropores of SBA-15, which will prevent some adsorption
sites from capturing CO, to some extent. As a result, CO,
adsorption capacities of 1SPAP/S1S and 1SPAP/M41 were 5.3
and 9.1 mg/g, respectively. Both surface roughness and the
negative charged surface property can induce the deactivation
of IL when the immobilized amount is low. That is why
1SPAP/S1S exhibits a lower adsorption capacity than that of
1SPAP/M41. As the amount of PAP loaded on M41 rose from
1S wt % to 67 wt %, the composite captured more and more
CO, increased from 9.2 to about 81 mg g~* (0.21 to 1.84 mmol
g™") despite of its surface area became smaller and smaller
(Table 1). The same tendency was also found on nPI/M41
series samples, whose capacity rose from 0.17 to 0.91 mmol g/,
which was smaller than that of corresponding nPAP/M41
composite though the surface area of 15PI/M41 and 33P1/M41
was larger than that of 1SPAP/M41 and 33PAP/M41 (Table
1). This difference means the important role played by the
amino group of IL in the sorbent for CO, adsorption. An
unwonted phenomenon is observed on pA support whose
surface area is much smaller than that of M41. The same
amount of PAP or PI immobilized on pA could capture more
CO, than that on M41 except SOPAP/pA sample (Supporting
Information Figure S8a). Especially 1SPAP/pA adsorbed 130%
more CO, than 15PAP/M41, while 15PI/pA trapped 280%
more than 15PI/M41 though its surface area was 70% smaller.
For the first time, equimolar adsorption of CO, by IL at 393 K
was realized on the sample of 1SPAP/pA, 15PI/pA, SOPAP/
M41, and 67PAP/M41 where the molar ratio of CO,/IL
reached to 1.11, 1.47, 0.97, and 0.94, respectively (Table 1). As
expected, the temperature of adsorption strongly affects the

12951

performance of PAP-based composites (Figure 2b), SOPAP/
M41 sorbent captured more CO, at 393 K (64 mg g”') than
those at 423 K (49 mg g™') and 453 K (10 mg g '), while
SOPI/M41 and SOPI/pA samples trapped 6 times more CO, at
393 K than that at 453 K, which is beneficial to establish a
feasible CO, adsorption—desorption cycle in the range 393—
453 K, conquering the inherent drawback of amine-dispersed
CO, sorbents.

To check the CO, adsorption results obtained in the
instantaneous adsorption, some IL immobilized composites
were evaluated in the static CO, adsorption at 393 K. As
demonstrated in Figure 3a, 67PAP/M41 sample captured about
84 mg g~' of CO, (1.91 mmol g™*), equaling the CO,/IL molar
ratio of 0.97 and thus reappearing the equimolar CO,
adsorption by IL at 393 K. Also, many trends found in the
static adsorption were similar to that observed in the
instantaneous adsorption, for instance, the high IL content of
sorbent was beneficial for the CO, adsorption in the static
condition, and the PAP guest was more active on the support of
M41 than PI did, while the same amount of PAP or PI
immobilized on pA carrier could adsorb more CO, than that on
M41. The similar capability of most sorbents exhibited in both
static and dynamic CO, adsorptions confirms the consistency
of the results obtained in two methods.® Figure 3b showed the
CO, adsorption—desorption recycling performance of IL
immobilized sorbents, since the stability of adsorbent is
important for its potential application. Mesoporous alumina
pA had a special function in the seven cycles of adsorption (393
K)—desorption (443 K), in which the relative adsorption
capacities of SOPI/pA and 33PI/pA samples tardily declined
from 100% to 96% then 87% and finally to 81—83%. When the
PI guest was replaced by PAP, the resulting SOPAP/pA sample
exhibited an obvious declined capacity and the final value was
53%. More serious recession appeared on the composites of
67PAP/M41, whose adsorption capacity fleetly lost more than
60% in the fourth cycles, and same trend was found on its
analogue 33PAP/M41, validating the deactivation. Nonetheless,
these recycled sorbents kept the structural characters of their
support as demonstrated by the XRD measurement (Support-
ing Information Figure S 4d); that is to say, the deactivation is
caused by the variation of the IL guests on their supports.
Moreover, only the mass spectrum signal of CO, was detected
from 67PAP/M41 sorbent during the desorption process
(Supporting Information Figure S8b), excluding the suspicion
whether IL was lost from the adsorbent in the regeneration. It

dx.doi.org/10.1021/am5028814 | ACS Appl. Mater. Interfaces 2014, 6, 12947—12955
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should point out that, apart from its higher initial adsorption
ability (81 mg g™'), 67PAP/M41 was able to show the absolute
capacity (about 30 mg g~") close to that of SOPI/pA (~40 mg
g™') in the cycle tests.

The adsorption of CO, on the IL-immobilized composites
was also investigated by in situ FT-IR method (Figure 4). In
the spectrum of SOPI/pA sample adsorbed CO, at 393 K, two
bands appeared at around 1700 and 1630 cm™" resulting from
C=0 stretch,'>** while these of about 1280 and 1310 cm™!
confirmed the C—O stretching.34 The bands at 2350 cm™!
could be attributed to gas phase CO,.>> All of these bands were
weakened at elevated temperature and finally disappeared at
463 K (Figure 4a). On the spectrum of 67PAP/M41 adsorbed
CO, at 393 K, the bands at about 1650 and 1320 cm™
originated from the formation of C=07* and C—O groups,**
resulting from the CO, adsorption by negative N~ on pyrazole
ring. Both bands declined as the temperature increased from
393 to 443 K and disappeared at 463 K due to desorption of
CO, (Figure 4b). Meanwhile, the bands at about 1550 cm™
(attributed to C=0), 1460 cm™' (C—N bond in urea),*® and
1250 ecm™ (C—N bond in urea)’’ appeared due to the
adsorption of CO, by amino group of the pyrazole ring, but
they kept unchanged at elevated temperature, because the
formed urea could not desorb or decompose in the range of
temperature.”” Based on these results, CO, adsorption on the
basic ILs is inferred to involve the formation of carbonate'* and
urea,”” and adsorption mechanisms of PAP and PI are
illustrated in Scheme 2. Existence of amino group in IL
seems to be the double edged sword, which enables PAP to
possess more CO, adsorption sites than PI does so that it has a
theoretical molar CO, adsorption of 1.5 (Scheme 2) but

Scheme 2. Possible CO, Adsorption Mechanism by Ionic
Liquids: PAP (Above) and PI (Below)
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inevitable causes the formation of urea with the adsorbed CO,
through isocyanate intermediate.>”'®

4. DISCUSSION

Two factors, optimized molecular structure and guest—host
interaction, endow the new basic ILs to achieve the equimolar
adsorption of CO, at 393 K. Cation P4444 provides a much
smaller MW in comparison with P66614, which is beneficial for
the IL to get a higher CO, adsorption capacity calculated by per
gram of sorbent. Anion of 3-aminopyrazole or imidazole offers
the proper basicity, enabling the IL to adsorb CO, at 393 K and
to be regenerated below 473 K. Immobilization further adjusts
the adsorptive performance of ILs. According to the gas-phase
reaction energetic calculation at B3LYP/6-31g level of the
theory (Supporting Information Table $3), the enthalpy values
of CO, adsorption for PAP and PI were 22.6 and 12.3 kJ mol ™",
respectively. In case they were immobilized on porous silica
such asMCM-41, the data changed as 33 and 18 kJ mol™}, and
these values were 21 and 31 kJ mol™" when PAP and PI were
immobilized on porous alumina such as pA. These variations
imply the higher adsorption affinity for CO, by immobilized
ILs. Enthalpy of CO, adsorption is also a commonly parameter
used to assess the energy demand for CO, adsorption, wh1ch is
about 80 k] mol ™ for traditional amino-functionalized ILs.*® As
for functionalized SBA-15 silica,®® FER zeolites containing
AL**® and alkali metal exchanged ferrierites,* the adsorptlon
enthalpies are 10—50, 30—60, and 40—60 kJ mol™},
respectively. From the perspective of energy-saving, designing
the proper IL with decreased enthalpy of CO, capture is of
great significance. A reduction of absolute value of adsorption
enthalpy (compared with 80 kJ mol™) can lead to a decreased
energy requirement for regeneration process.

Immobilization of PAP or PI is first governed by the pore
size and second by the surface area of support. For example, 50
wt % of PAP could be easily dispersed on mesoporous silica to
form the composite like SOPAP/M41, and it was hardly
immobilized on pA and graphene oxide whose surface area was
below 400 m”> g™' but very difficult to be loaded on
microporous zeolite NaY and activated carbon (AC) though
these two porous materials had a surface area larger than 700
m*> g~' (Supporting Information Table S2). PAP has a
molecular size of 1.4 nm X 1.1 nm, so it will be very difficult
to enter inside the microporous support. Consequently, PAP
immobilized on mesoporous supports displayed a capability
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Scheme 3. Schemetic Illustration of the Distribution of the ILs PAP and PI Immobilized on Different Supports MCM-41 and

Mesoporous Alumina

A /-M-—-&-é-/

N d S\\ S/'\ S Siey™'™ ~
- o030
46 00 O dHtHo )
2, . 0%0° e %o )
v " ~J.JJ = J.‘ b oo
Loy toglig o Pogtiy
e e g
9 ) 9 ) ) <’ v )

-

PAP: @@\, r1. O@

higher than that on microporous ones in the CO, capture at
393 K (Figure 2a). According to the size of PAP, 28 wt % of the
IL is needed to form a layer on the surface of MCM-41, and 48
wt % is estimated to be fully filled the support, which is in
accordance with experiment results. Actually, the surface area of
SOPAP/M41 was lowered to less than 10 m* gfl, as a result of
the full occupation of whole pore space.

The better performance of ILs immobilized on pA than that
on M41 when the loading amount was no more than 33%
(Table 1), along with the achievement of equimolar CO,
adsorptions on the samples of 1SPAP/pA, 13PI/pA, and
33PI/pA, indicates the unusual promotion of pA support on
the guest ILs. This unusual phenomenon may originate from
the special dispersion of ILs induced by the essential surface
state of support. Mesoporous alumina had a positive {-potential
of 51 mV, so the anion of the ILs with low loading amount
(e.g, 15%) would be attracted while the cation experienced the
repulsion from the surface of pA. As a result, PAP would have
its anion erected on the surface while cation upturned due to
the repulsive force between the support’s surface and the cation
(Scheme 3); meanwhile, many of the interspaces among these
cations were formed enabling N, or CO, to enter, which could
compensate the reduction of surface area or pore volume
occupied by PAP guests more or less. This speculation can be
verified by the fact that 1SPAP/pA kept the positive {-potential
and a relatively large surface area and pore volume (Table 1)
and its actual CO, adsorption capacity was higher than that of
1SPAP/M41. Likewise, 33PAP/pA composite showed a larger
pore volume and CO, adsorption capacity than 33PAP/M41.
Specific orientation and dispersion of PI molecules might also
occur in the sample of 15PI/pA where CO, molecule had to go
through the upturned cations prior to be adsorbed by the
anions in bottom, and these cations functioned as funnels for
the adsorbate to direct it into the site, enhancing the sorption
process®” and endowed the 15PI/pA sample to trap 282% more
CO, than the 15PI/M41 (Table 1) did. As the amount of PI
loaded on porous support increased from 15 wt % to 50 wt %,
nPI/pA composite still captured more CO, at 393 K than
corresponding nPI/M41 (Table 1), demonstrating the
unwonted promotion effect. It is this particular orientation of
ILs on the surface of pA that enables the adsorbed CO, to resist
the N, purge at 393 K, since the adsorption site in the anion
was surrounded tightly by the alkyl chains in cations, keeping
the adsorbate within a channel-like microenvironment. What’s
more, such special arrangement of ILs along with the delicate
confinement effect guaranteed the adsorption of CO, by the

sorbent at higher temperature such as 423 K, conquering the
inherent drawback of free IL that failed to hold CO, in N,
stream at about 373 K.'> Due to the higher affinity of PI/pA
with CO, than PAP/pA (Supporting Informaion Table S1), the
PI immobilized on pA was more active to capture CO, than the
PAP on the support (Table 1). When PI was immobilized on
M41, its cation was attracted by the negative charged surface of
support ({-potential is —20 mV) and the anion was thus
upturned due to the repulsive force. As a result, the adsorbed
CO, by the anion was exposed in the stream of N, flow and
easily blown away hence the performance of PI/M41 samples
was inferior to that of PI/pA composites (Table 1).
Concerning on the PAP immobilized on M41, its cation was
attracted by the negative charged silanol groups of mesoporous
silica, while its positive charged amino-group in anion would
form hydrogen bond with these Si—OH groups; therefore, the
anion was exposed on the surface of composite (Scheme 3)
when the amount of immobilized PAP was less than the
threshold of monolayer (28 wt %). As the result, the whole
PAP molecule was bent to cover the surface of MCM-41,
lowering both the surface area and the pore volume of sorbent,
and an obviously increased value (—57 mV) was observed on
1SPAP/M41 sample for the anion of PAP was exposed as
mentioned above (Scheme 3). The {-potential value rose to
—60.1 mV when the immobilized amount of PAP changed to
33 wt %; then, it achieved —65.4 mV, and further immobilizing
more PAP no longer enhanced this value because the support
was fully filled. Thus, both SSPAP/M41 and 67PAP/M41
showed similar surface areas (Table 1). Since the amino groups
of 15PAP/M41 and 33PAP/M41 were linked with silanol
group, hindering the access of CO,, these sorbents showed low
capability in the adsorption of CO, (Table 1). The surface Si—
OH groups of SOPAP/M41 had been covered by the layer of
PAP so that the succeeding PAP could exert the high efficiency
of adsorbing CO,; therefore, it adsorbed 64 mg g~' of CO,.
FT-IR measurement confirmed the different state of amino
group in PAP/M41 and PAP/pA samples. The band of amino
group at around 1600 cm™' was absent on the spectrum of
1SPAP/M41 and 33PAP/M41, since these amino groups
interacted with silanol group as that reported on SBA-15" but
appeared on that of SOPAP/M41 (Figure 5), due to the
existence of PAP exceeded the monolayer threshold. To
exclude the suspicion whether the amino group of 15SPAP/M41
and 33PAP/M41 is lower than the determination limit, the
same tests were performed on samples of 1SPAP/pA and
33PAP/pA, where the band of amino group clearly emerged,
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Figure S. FT-IR spectra of the samples with different amount of ionic
liquids.

which verified the interaction between amino group and the
silica wall of MCM-41 support. It is conceivable that adjusting
the IL-support interactions should prevent the negative
interaction of silanol group, and thus, the as-synthesized
MCM-41(named as M41-as), whose {-potential is +18.7 mV,
was chosen as support to confirm this issue, because there was
no silanol group on its surface.'> M41-as itself only trapped 4
mg g~* of CO, at 393 K. After being immobilized with 15 wt %
PAP, this sample adsorbed 32 mg g™* of CO, (0.72 mmol g")
at 393 K, 246% more than that by 1SPAP/M41 and
approached the theoretical molar CO, adsorption of 1.5,
which gives a clue of avoiding such interaction by tailoring the
surface property of support. Further investigation is in progress.

5. CONCLUSIONS

In summary, we designed and prepared two new basic ILs for
CO, capture at the elevated temperature close to that of flue
gas. These supported ILs realized the equimolar CO, capture at
393 K for the first time, and most of the adsorbed CO, could
be desorbed at 443 K, forming a feasible adsorption—
desorption cycle. Support-induced degradation of MCM-41-
supported ILs can be ascribed to its negative charged surface,
and selecting the supports with positive charged surface
property can effectively avoid this phenomenon. Moreover,
an unwonted promotion on the CO, adsorption of IL was
observed on mesoporous alumina with positive {-potential that
induced the specific orientation and dispersion of ILs. CO,
chemisorption system combining ILs PI and mesoporous
alumina together could be recycled with minimal loss of
activity, opening an avenue for the fabrication of new ILs-based
functional materials.
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