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Abstract A highly efficient and stable solid adsorbent
invoking a direct incorporation of tetracthylenepentamine
(TEPA) onto the as-synthesized mesocelullar silica foam
(MSF) has been developed for CO, capture. Unlike most
amine-functionalized silicas, which typically exhibit CO,
adsorption capacities less than 2.0 mmol/g, such organic
template occluded mesoporous silica-amine composites
exhibited remarkably high CO, uptake as high as 4.5 mmol/g
at 348 K and 1 atm. Moreover, notable increases in CO,
adsorption capacities of the composite materials were
observed when in the presence of humidity. Durability test
performed by cyclic adsorption—desorption revealed that
such adsorbents also possess excellent stability, even
though a slight decrease in adsorption capacity over time
was observed.
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1 Introduction

In a view of the increasing concerns in global environmental
issues, such as suppressions of greenhouse gases and global
warming, carbon sequestration has becoming a demanding
and challenging research topic [1, 2]. In particular, research
and development for cost-effective ‘scrubbing’ (i.e., sepa-
ration and capture) of CO, remains one of the most crucial
tasks in carbon sequestration. Current available CO, sepa-
ration schemes normally invoke absorption by a liquid,
adsorption by a solid, or separation by selective transport,
for example, through a membrane [3]. However, these
schemes are generally limited by the high capital and
operation costs, particularly when applied for fossil fuel
combustion (low pressure) or gasification (high pressure)
streams. The high costs for these schemes mostly arise from
low mass fluxes in the separation units, production of a high-
pressure steam, and high-energy consumption during
regeneration of the adsorbents. Thus, to make any process
economically attractive, crucial issues such as cost, opera-
tion life, and selectivity of the separation agents, and com-
plexity of the process invoked must be considered.

At present, available commercial processes for CO,
absorption mostly utilize technologies based on chemical
absorption by alkanolamines, including the primary (e.g.,
monoethanolamine; MEA), secondary (e.g., diethanola-
mine; DEA), and tertiary (e.g., methyldiethanolamine;
MDEA) amines [4-8]. Upon absorption, primary and sec-
ondary amines are known to react rapidly with CO, to form
carbamates and that the addition of a purely physical sol-
vent such as water, tend to enhance the CO, absorption
capacity and rate by many folds. However, since the for-
mation of carbamate ions is normally associated with a
relatively high heat of absorption, the cost of regenerating
primary and secondary amines is high. Moreover, these



Top Catal (2010) 53:210-217

211

amines also have the disadvantage that the stoichiometry is
2:1 and hence their loadings are limited to 0.5 mole of CO,
per mole of amine. Tertiary amines lack the N-H bond
required to form the carbamate ion and therefore do not
react directly with CO,. However, in aqueous solutions,
tertiary amines promote the hydrolysis of CO, to form
bicarbonate and protonated amines. Nevertheless, in addi-
tion to high-energy consumption, such liquid amine-based
CO, separation processes also suffer from severe draw-
backs, such as solvent deterioration, equipment corrosion,
and limited amine concentration in the aqueous phase due
to viscosity and foaming issues [1, 2]. Although several
new processes such as absorption/adsorption by solid ab-
sorbents/adsorbents, membrane and cryogenic separation
have been developed to tackle these problems, aiming at
lowering the energy consumption and equipment cost, and
more versatile operation conditions, most of them are still
far from practical industrial applications.

Removal of CO, from a gas stream normally invokes
operation carried out at high temperatures (typically,
>700 °C) in a combustion process. Among various chem-
ical absorbents, metal oxides [9-12], Li-containing zirco-
nates [13—17] and poly-ionic liquids [18, 19] have been
investigated. Numerous studies have explored methods of
physisorption using functionalized/modified nanoporous
solids for the abatement of CO,, for examples, microporous
zeolites [20-26], activated carbons [27-29], porous coor-
dination polymers or organic nanostructure materials
[30-32]. However, these materials normally exhibit low
CO, adsorption capacity (typically smaller to the bench-
mark value of ca. 2.0 mmol per gram adsorbent for prac-
tical commercialization) except for alkali ion-exchanged
faujasite (X, Y) zeolites [24] and high surface area acti-
vated carbon materials (MaxsorbTM) [27] which were
found to have CO, uptake capacities up to 10-13 mmol/g.
Nevertheless, these materials tend to suffer from problems
such as low capacity, poor selectivity, poor tolerance to
water, and high-temperature regeneration or activation.
The effects of water on the adsorption of CO, on various
adsorbents have been examined [33]. In addition, some
recent studies have shown that metal-organic framework
(MOFs) [34-37] and van der Waals crystals [38] are
potential CO, adsorbents.

Ordered mesoporous silica (OMSs) and carbon materials
with tunable pore size (2-50 nm), narrow pore size distri-
bution, high surface area, large pore volume, and good
thermal stability are particularly attractive for applications
as gas adsorbents. Many studies using OMSs as CO,
adsorbents have been investigated [39-63]. The pore sur-
faces of OMSs are enriched with hydroxyl groups, which
facilitate direct or post-synthesis grafting of organic func-
tional groups. Such mesostructured porous organic-inor-
ganic hybrid materials with synergistic effects provoked by

tailored pore structures, connectivity, and particle size may
offer additional advantages of being multifunctional, which
make possible for engineering the chemical environments
of the binding sites. For CO, capture, the most interesting
organic functional groups would be polyamines com-
pounds that possess high amine group density (large
amount of CO, sorption sites) and slow CO, adsorption/
desorption kinetics. Amine-functionalized mesoporous
materials, therefore, provide concrete objective criteria to
act as the CO, “molecular basket” adsorbents, which
facilitates a synergic effect on the CO, adsorption capacity
and adsorption kinetic between nanoporous supports and
polyamines (especially at high polyamine loading). For
example, for the polyethylenimine (PEI)-impregnated
MCM-41, a high CO, adsorption capacity of 246 mg/g-PEI
was obtained with a PEI loading of ca. 50 wt%, which is 30
times higher than that of MCM-41 and is about 2.3 times
that of the neat PEI [43—46]. Several other different types
of polyamines grafted on various OMSs, such as MCM-41,
MCM-48, SBA-15 etc. have been examined for CO,
adsorption [41, 47-58]. Unfortunately, their CO, adsorp-
tion capacities were normally below the benchmark value
of 2.0 mmol/g. Recently, Sayari and co-workers incorpo-
rated amines into the nanoporous MCM-41 silicas, allow-
ing them to be used in both wet and dry environments,
potentially eliminating significant engineering challenges.
Owing to its very large pore volume, the DEA loaded on
pore-expanded PE-MCM-41 [59-63] was capable of
‘scrubbing’ CO, in a higher quantity of amine and more
resistant to moisture compared with the other supports
including activated carbon, silica gel, and MCM-41 silica.
Repeated adsorption-desorption cycles revealed that these
novel materials exhibited much better cyclic stabilities than
typical zeolite absorbents [59].

In this study, two different methods have been adopted to
prepare amine-functionalized adsorbent materials, namely
(i) by incorporating 3-[2-(2-Aminoethylamino)ethylamino]-
propyltrimethoxysilane (TA) and N-[3-(Trimethoxysilyl)
propyl]ethylenediamine (APS) onto mesoporous silica
SBA-15 [64] and mesocellular silica foam (MSF) [65]
and (ii) by directly incorporating tetraethylenepentamine
(TEPA) onto the as-synthesized MSF without removing the
organic templates. These amine-functionalized porous
materials were characterized by a variety of different ana-
lytical and spectroscopic techniques, such N, adsorption/
desorption, X-ray diffraction (XRD), elemental analysis
(EA), Fourier-transformed infrared (FTIR), and thermo-
gravimetric analysis (TGA). Among them, the absorbents
prepared by the latter method not only represent a time-
saving route in terms of material preparation but also
superior CO, adsorption capacity and durability after
repeated adsorption-desorption cycles, revealing some
opportunities for future practical applications.
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2 Experimental
2.1 Materials Preparation

The parent SBA-15 and MSF materials were synthesized
according to recipes documented in the literatures [64, 65].
Typically, for the synthesis of SBA-15, 5.7 g of neutral tri-
block co-polymer surfactant, Pluronic 123, was dissolved
in a mixture of 37% HCI solution (24.4 g) and water
(169.3 g) at room temperature (295 K). After adding tet-
raethyl orthosilicate (TEOS), the resulting mixture was
stirred at 313 K for 20 h and then transferred into a poly-
propylene bottle and reacted at 373 K under static condi-
tion for 24 h. For the preparation of MSF samples, 4 g of
Pluronic 123 was dissolved in 150 mL of aqueous 1.6 N
HCI at room temperature, then, 23 mg of NH4F and 3 g of
trimethylbenzene (TMB) were added into the mixture.
After stirring for 1 h at 313 K, 8.5 g of TEOS was added to
the mixture. The resulting reaction mixture was stirred at
313 K for 20 h followed by aging at 373 K for 24 h. The
solid products of as-synthesized SBA-15 and MSF were
recovered by filtration and dried at room temperature
overnight followed by removal of organic template by
calcination at 823 K. TA- and APS-functionalized SBA-15
and MSF materials (denoted as TA-SBA-15, APS-SBA-15,
TA-MSF, and APS-MSF, respectively) were prepared by
the post-synthesis grafting method. Typically, calcined
SBA-15 or MSF (0.25 g) was first dried at 398 K for 6 h in
air, then, refluxed in toluene solution (12 mL) of amino-
silane (2.1 mL) at 383 K for 24 h under an N, flow. The
product was washed with toluene and dried at 333 K over
night.

Alternatively, tetraecthylenepentamine (TEPA) incorpo-
rated on the as-synthesized MSF materials (i.e., in the
presence of organic templates; denoted as MSFas) were
also prepared. This was carried out by dissolving a known
amount of TEPA in 10 g of ethanol under stirring for 0.5 h,
and then 0.2 g of MSFas was added into the solution. After

Fig. 1 Schematic diagram of
the CO, adsorption system

Flow Meter

stirring and refluxing for 2 h, the mixture was evaporated at
353 K, followed by drying at 373 K for 1 h. The final
products were obtained (denoted as TEPA-MSFas-x, where
x represents the amount of N in wt%) after filtration,
washing with water, and then drying in air at room
temperature.

2.2 Characterization Methods

X-ray diffraction (XRD) patterns were recorded on a
PANalytical (X’Pert PRO) instrument using Cu Ko radiation
(A = 0.1541 nm). Elemental analyses (EA) were carried out
using a CHN elemental analyzer (Heraeus CHN-O-S-
Rapid). Nitrogen adsorption/desorption isotherms were
measured at 77 K on a Quantachrome Autosorb-1 volu-
metric adsorption analyzer. Fourier transform infrared
(FTIR) spectra were collected on a Bruker IFS-28 FTIR
spectrometer with 4 cm™' resolution using KBr pellets at
room temperature.

2.3 CO, Adsorption Capacity Measurements

To assess the adsorption and desorption properties of var-
ious adsorbents, a modified thermogravimetric analyzer
(TGA, Netzsch TG209) with a H,O saturator (Fig. 1) was
used. In a typical adsorption/desorption process, ca. 10 mg
of adsorbent placed in a sample cell was heated to 373 K
under N, flow (50 mL/min), then, maintained at that tem-
perature for ca. 30 min till no further weight loss was
observed. Subsequently, the sample was then cooled down
to 348 K and 15% dry CO, was introduced at a flow rate of
50 mL/min. After adsorption, the gas was switched to pure
N, flow (50 mL/min) to proceed desorption procedure at
the same temperature. The time required for each adsorp-
tion and desorption cycle was 120 min. The influence of
moisture on CO, adsorption capacities was also investi-
gated together with cyclic adsorption/desorption measure-
ments to evaluate the stability of the adsorbents.
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3 Results and Discussion

The small-angle XRD profiles of the parent and amine-
functionalized SBA-15 samples are shown in Fig. 2a. The
parent SBA-15 exhibited a main intensive (100) peak at 26
of ca. 0.9° and two weak (110) and (200) diffraction peaks,
indicating the existence of well-ordered hexagonal arrays
and two-dimensional (2D) channel structure. However,
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Fig. 2 a XRD patterns, b N, adsorption-desorption isotherms, and ¢
FTIR spectra of SBA-15, APS-SBA-15, and TA-SBA-15

upon incorporating APS and TA onto the matrix, notable
decreases in diffraction peak intensities were observed. The
N, adsorption/desorption curves (Fig. 2b) of the parent
SBA-15 sample showed typical type IV isotherms with a
well defined hysteresis loop, revealing the presence of
ordered mesopores in the frameworks, in agreement with
XRD result. The diminishing of hysteresis loop upon
introducing amine functional group may be ascribed due to
blockage of the mesopore channels. As shown in Table 1,
notable decreases in pore volume and surface area were
observed for amine-functionalized samples compared to
the parent SBA-15. Likewise, the uniformity of MSF
mesostructure was also confirmed by the XRD peak at 26
of ca. 0.5° (Fig. 3a). The BET surface area (Sggr), total
pore volume (V,,), and BJH pore size (Dgjy) derived from
N, adsorption/desorption isotherms for the parent and
amine-functionalized MSF samples (Fig. 3b) are also
summarized in Table 1. Since the MSF sample possesses a
much larger pore volume (2.68 cm®/g) and pore size
(23 nm) than the parent SBA-15 (Vi = 1.86 cm3/g;
Dgjg = 10 nm), some mesoporosities remained available
even after loading of a substantial amount of aminosilane
onto the sample, as revealed by the existence of hysteresis
loop in the isotherm of both APS-MSF and TA-MSF
samples (Fig. 3b). The presence of amine functional groups
in the surface-modified SBA-15 and MSF samples was
further confirmed by FTIR spectroscopy, as shown in
Figs. 2c and 3c. Compared with their parent counterparts,
additional feature peak at 1510 cm™' and a broad band

Table 1 Textural properties of parent and amine-functionalized
SBA-15 and MSF samples

Sample N content Viot SBET Dgju
(Wt%)* (em¥g)®  (m%g°  (nm)*
SBA-15 — 1.9 1080 10
APS-SBA-15 5.6 0.4 250
TA-SBA-15 9.5 0.4 399 3
MSF — 2.7 901 23
APS-MSF 4.7 1.3 407 18
TA-MSF 5.6 0.7 139 18
MSFas — 0.4 54 N/A
TEPA-MSFas-0.6 0.6 0.3 34 N/A
TEPA-MSFas-7.5 7.5 0.3 39 N/A
TEPA-MSFas-8.9 8.9 0.2 30 N/A
TEPA-MSFas-13.7 13.7 ~ 0.1 16 N/A
TEPA-MSFas-18.1 18.1 ~ 0.1 12 N/A

 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

4 Pore diameters calculated by the Barrett—Joyner—Halenda (BJH)
method using the adsorption branches

@ Springer
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(a) Table 2 CO, adsorption data for various amine-functionalized
SBA-15 and MSF samples
Sample N content CO, uptake CO,/N
(mmol/g) (mmol/g) (mmol/mmol)
APS-SBA-15 4.0 0.8 0.20
TA-SBA-15 6.9 1.0 0.15
TA-MSF APS-MSF 34 0.8 0.24
TA-MSF 4.0 1.3 0.33
TEPA-MSFas-0.6 04 0.1 0.25
APS-MSF TEPA-MSFas-7.5 53 1.2 0.23
TEPA-MSFas-8.9 6.4 1.9 0.30
MSF TEPA-MSFas-13.7 9.8 33 0.34
TEPA-MSFas-18.1 12.9 4.5 0.35
1 2 3 4 5 6 7 8
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Fig. 4 Correlation of surface density of amine with CO, adsorption
capacity for various amine-functionalized mesoporous silicas
TA-MSF
data revealed that the nitrogen contents in those amine-
APS.MSF functionalized samples vary from 4.7 to 9.5 wt% (Table 1).

MSF

4000 3000 2000 1000 0
Wavenumber (cm'l)

Fig. 3 a XRD patterns, b N, adsorption-desorption isotherms, and ¢
FTIR spectra of MSF, APS-MSF, and TA-MSF

at 2700-3400 cm ™' were evident for TA- and APS-modi-
fied SBA-15 and MSF samples, which may be assigned
due to symmetric NH, bending vibration and NH™
stretching vibration, respectively. Further analyses by EA

@ Springer

The CO, adsorption capacities of various amino-func-
tionalized SBA-15 and MSF are summarized in Table 2.
Unlike the parent SBA-15 and MSF samples, which
showed nearly null CO, uptake, amine-functionalized
samples revealed a modest adsorption capacity of ca.
0.8-1.3 mmol/g. That the APS-functionalized silicas
showed higher amine efficiencies (CO,/N) than that of
TA-functionalized samples may be attributed to the steric
hindrance caused by the long organic chains. The corre-
lation of CO, adsorption capacity with surface density of
amine is shown in Fig. 4. It was found that CO, adsorption
capacity is in proportion with the surface density of amine,
whereas no obvious correlation between the CO, uptake
and pore volume of the amine-functionalized adsorbents
could be found.
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Fig. 5 a XRD patterns, b N, (a) (b)
adsorption-desorption isotherms TEPA-MSFas-18.1 -
and ¢ FTIR spectra of TEPA-
MSFas-x samples
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To increase the surface density of amine on the silica
support, we incorporated different amounts of TEPA into
the as-synthesized MSF. Small angle XRD patterns in
Fig. 5a revealed that the structure of MSF remained prac-
tically intact regardless of the amount of TEPA introduced.
Upon increasing TEPA loading, progressive decreases in
N, adsorption amounts and hysteresis loops (Fig. 5b) were
evident. The FTIR spectra in Fig. 5c also revealed the
presence of amine compounds in the TEPA-MSFas-x
samples, as evidenced by the absorption bands near
1510 cm™'. Further quantitative measurements by ele-
mental analysis showed that the nitrogen contents in these
samples range from 0.6 to 18.1 wt%, as shown in Table 1.

The effects of TEPA loading amount on CO, adsorp-
tion capacity and amine efficiency (CO,/N) of various
TEPA-MSFas-x absorbents are summarized in Table 2.
It is obvious that both CO, adsorption capacity and
amine efficiency (CO,/N) of the composite increase with

T T T
3000 2000 1000 0

Wavenumber(cm!)

increasing amount of TEPA loaded on as-synthesized
MSF. Again, this may be attributed to the increase in the
surface density of amine on TEPA-MSFas-x (see Fig. 6)
with increasing N content (x). It is indicative that densely
anchored aminosilanes would be more effective as
adsorption site than those isolated on bare silica supports.
As a result, the TEPA-MSFas-18.1 sample exhibited a
remarkably high CO, adsorption capacity of 4.5 mmol/g.
surpassing the value of ca. 3.9 mmol/g reported for TEPA
(ca. 70 wt%) modified on as-synthesized SBA-15 [56]. In
fact, we also performed similar experiments on a series of
as-synthesized SBA-15 (not shown). With a modest TEPA
loading (ca. 16.3 wt%, corresponding to N content of
11.6 mmol/g), we were able to obtain a CO, adsorption
capacity of ca. 4.5 mmol/g, which is corresponding to an
amine efficiency of 0.39 mmol/mmol. Further investiga-
tions have been undertaken to resolve the detailed chem-
ical adsorption mechanism involved in CO, adsorption on

@ Springer
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CO, adsorption capacity (mmol/g)
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Fig. 6 Variations of CO, adsorption capacity with surface density of
amine observed for various TEPA-MSFas-x samples
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Fig. 7 Effect of moisture concentrations on CO, adsorption capacity
for the TEPA-MSFas-18.1 sample

these organic template occluded mesoporous silica-amine
composites.

For practical industrial applications in CO, capture,
solid adsorbents should possess not only high adsorptive
capacity for CO, with moisture, but also stable cyclic
adsorption-desorption performance during long-term
operation. The effect of moisture concentration in the flue
gas on CO, adsorption of the TEPA-MSFas-18.1 sample
was examined, as shown in Fig. 7. It was found that CO,
adsorption capacity tends to increase with increasing
moisture concentration in the simulated 15% CO, flue gas.
An enhanced CO, adsorption capacity of ca. 5.3 mmol/g
was obtained under the exposure of 28% relative humidity,
which is ca. 18% higher than that obtained from simulated
dry flue gas. It should be noted that the CO, adsorption
capacity of TEPA-MSFas-18.1 in the nineth adsorption
cycle (i.e., total operation period of ca. 18 h, Fig. 8) under
dry 15% CO, concentration remains at ca. 3.6 mmol/g,
which is still higher than the benchmark value for com-
mercialization (2.0 mmol/g).

@ Springer
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Fig. 8 Cyclic CO, adsorption tests of TEPA-MSFas-18.1 sample
at 348 K. The dashed line indicates the benchmark value for
commercialization

4 Conclusions

CO, uptake measurements on amine (TA, APS)-function-
alized silica (SBA-15 and MSF) prepared by a post-syn-
thesis grafting method showed that while the CO,
adsorption capacity increase with increasing surface density
of amine, no obvious correlation between the CO, uptake
and pore volume of the amine-functionalized adsorbents
could be found. However, owing to the difficulty in loading
excessive amount of amine, these materials typically reach
a maximum CO, adsorption capacity less than ca.
1.3 mmol/g at 348 K under ambient pressure using dry 15%
CO,, which is less than the benchmark value (~2.0 mmol/
g) for commercialization. On the other hand, by directly
incorporating TEPA onto the as-synthesized MSF in the
presence of organic template, the TEPA-MSFas-18.1
absorbent so prepared was found to reach a remarkable CO,
adsorption capacity of ca. 4.5 mmol/g. Such drastic
enhancement in CO, uptake compared to the amine-func-
tionalized silicas without template is ascribed due to the
increase in surface density of amine. Under the exposure of
28% relative humidity, the TEPA-MSFas-18.1 sample
revealed a further increase in CO, adsorption capacity to
5.2 mmol/g, surpassing that of other solid adsorbents.
Furthermore, the absorbent remains active after repeated
adsorption-desorption cycles, revealing a new opportunity
for future practical applications and commercialization.
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