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Adsorption of Carbon Dioxide on Aminosilane-modified Mesoporous Silica
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Aminosilane-modified mesoporous silica was prepared by grafting various aminosilanes on mesoporous silica,
SBA-15, and the applicability as a novel adsorbent for COz capture and separation from flue gases was examined.
Pore walls of SBA-15 were modified uniformly with aminosilanes by grafting and relatively high surface area and
uniform pore size were retained. Adsorption capacities of COz in the presence of water were compared with
those in the absence of water by a flow method. Adsorption capacities of aminosilane-modified SBA-15 were

comparable in the presence and absence of water vapor.

In particular, the adsorption capacity of (3-

trimethoxysilylpropyl)diethylenetriamine SBA-15 reached 1.2 mmol-g™! in the presence of water vapor at 333 K,

which is comparable to the adsorption capacity of zeolite Na-Y in the absence of water vapor.

In addition, these

adsorbents were completely regenerated by heating to 423 K in a He flow.
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1. Introduction

The gradual increase in the atmospheric concentra-
tion of COz due to fossil fuel combustion is becoming a
serious environmental problem. Recently, CO2 cap-
ture and sequestration have attracted considerable
attention as one of the options to reduce CO: emissions.
Various processes, such as liquid solvent absorption?,
membrane separation?, and pressure (and/or tempera-
ture) swing adsorption (P(T)SA)"» have been proposed
for the separation and recovery of CO: emitted by
power plants). However, the costs of CO: separation
from flue gases account for approximately 70-80% of
the total energy cost for COz sequestration. Therefore,
it is important to develop new efficient and energy-effi-
cient techniques for COz separation. In addition, smaller
plants are desirable for CO:2 separation, because enor-
mous amounts of gases must be treated.

The conventional PSA or PTSA process using zeo-
lite requires a dehumidification process which con-
sumes about 30% of the total energy, because water
vapor is adsorbed more strongly than CO: on a zeolite
surface. Therefore, a new adsorbent which preferably
adsorbs CO:z in the presence of water vapor is required
to develop a simple and energy-efficient process by
elimination of the dehumidification process. Hydrated
potassium carbonate supported on active carbon can
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absorb CO: from gas containing water vapor®. Solid
sorbents in which amines are supported on high surface
area supports are also promising as sorbents for CO2
separation®. For example, aminosilane-modified sil-
ica gel has been applied as a CO> adsorbent®.

Aminosilane-modified silica has been extensively
studied because of the wide range of applications”.
However, it is difficult to modify the micropore walls
of silica with aminosilane molecules due to steric hin-
drance”. Therefore, mesoporous silicas such as M418S,
FSM-16, and SBA-15 are regarded as more suitable
supports for surface modification with aminosilane,
because they have large and uniform pores. Further-
more, higher loading of aminosilane than in conven-
tional silica gel should be possible due to the high sur-
face area of mesoporous silicas. Aminosilane-modi-
fied mesoporous silica has excellent properties for the
adsorption of heavy metals® and proteins®, and for
base-catalyzed reactions!”?. However, the adsorption
of carbon dioxide on SBA-15 modified with (3-amino-
propyl) triethoxysilane is not adequate'V. Poly-
ethylenimine-modified MCM-41 is an efficient CO:2
adsorbent'>!¥ but the effect of water vapor on the
adsorption characteristics of this material remains
unknown.

SBA-15 is a suitable mesoporous silica for applica-
tions in gases containing water vapor due to its higher
hydrothermal stability!”. 1In this study, aminosilane-
modified mesoporous molecular sieve SBA-15 was
prepared as a “water-tolerant adsorbent” to adsorb CO2
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in the presence of water vapor, and the applicability for
PTSA was examined by CO: adsorption-desorption
measurement in a flow system.

2. Experimental

2.1. Preparation of Adsorbents

SBA-15 was prepared by a similar method to that
reported by Zhao et al.'9. Tetracthoxyorthosilicate
(TEOS) was added to an aqueous solution of block-
polyethyleneglycol-block-polypropyleneglycol-block-
polyethyleneglycol with M, of 5800 (EO20PO70EOxy,
Aldrich) as a structure directing agent. After stirring
for 5 min, 36% hydrochloric acid (Wako Pure Chem.
Ind., Ltd.) was slowly added to the solution. The
composition of the reaction mixture was TEOS 0.53
mol: EO20PO70EO20 50 g: HC1 2.0 mol: H20 80 mol.
The mixture was heated with stirring at 303 K for 20 h,
and then at 368 K for 24 h. The precipitate was fil-
tered and washed with 4000 cm? of distilled water, then
dried at 343 K over night. To remove the structure
directing agent, the dried precipitate was calcined in air
at 823 K for 8 h. The 2-D hexagonal structure charac-
teristic of SBA-15 was confirmed by X-ray diffraction
(XRD). The lattice constant of SBA-15 was estimated
to be 11.3 nm by XRD.

Modification of SBA-15 was performed by the graft-
ing method using aminosilanes. (3-Aminopropyl)tri-
ethoxysilane (APS, Aldrich), N-(2-aminoethyl)-3-amino-
propyltriethoxysilane (AEAPS, Chisso Corp.) and (3-
trimethoxysilylpropyl)diethylenetriamine (TA, Gelest
Inc.) were used as grafting agents. Aminosilane (50
cm?) and SBA-15 (5.0 g), which was previously dried
at 398 K for 6 h in air, were refluxed in dehydrated
toluene (250 cm?) (Wako Pure Chem. Ind., Ltd.) at 383
K for 24 h under Ar flow. The product was washed
once with toluene (200 cm?) and dried at 333 K over-
night. The obtained samples were named APS/SBA,
AEAPS/SBA and TA/SBA.

Another sample named APS/SBA(i) was prepared by
an impregnation method. APS (16.5 g) was impreg-
nated into SBA-15 (5.0 g). The resultant mixture was
heated at 333 K under saturated water vapor for 24 h,
and then dried in air at 373 K for 24 h.

A gelatinous solid named APG was obtained by
hydrolysis and condensation of APS. APS was heated
at 333 K under saturated water vapor, and then dried at
373 K for 24 h.  This treatment involved the following
reaction (Eq. (1)).

NH2(CH2)3Si(OCH2CH3)s + 1.5H20

—>NH2(CH>)3Si01.5 + 3CH3CH,OH (1)
To determine the density of APG, the weight of a mix-
ture of toluene and 2 g of APG (total volume: 10 cm?)
and the weight of 10 cm? of toluene was measured, and
then the density of APG was calculated from these
values.
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2.2. Characterization of Adsorbents

N> adsorption-desorption isotherms were measured
at 77K by a Nz adsorption system (Autosorb 1,
Quantachrome Co.) after each sample was stood in a
vacuum at 473 K for 3 h. The surface areas and the
pore size distributions were calculated by the BET and
BJH method, respectively.

TG-DTA (thermogravimetry differential thermal
analysis) curves of aminosilane-modified SBA-15 and
APG were obtained with a thermal analysis system
(TAS2000, Rigaku Corp.). The sample (ca. 10 mg)
was heated in air at 5 K- min.

2.3. CO: Adsorption-desorption Experiment

The capacity for CO: adsorption was determined by
a flow method as follows. The adsorbent (1.5 g) was
placed in a Pyrex tube (13 mm in inner diameter) and
dried in a He flow (30 cm?®-min™!) at 423 K for 1| h. A
mixture of 12% H>O with He balance (total flow rate:
60 cm?-min') was fed to the adsorbent at 333 K until
the adsorbent was saturated with water, and then the
gas flow was switched to a mixture of 15% CO2, 12%
H20 with N2 balance (total flow rate: 30 cm3*min™').
The breakthrough curve of CO2 was obtained by the
analysis of effluent gases. The effluent gases were
analyzed with a gas chromatograph (GC-332, GL
Science Inc.) equipped with a gaskuropack 54 column
(2m) and a thermal conductivity detector. Measure-
ment of CO: adsorption-desorption capacity under dry
conditions was conducted as follows: a mixture of 15%
CO2 with N2 balance (total flow rate: 30 cm?:-min")
was fed to the dried adsorbent at 333 K without pre-
adsorption of water vapor. The desorption experiment
after CO2 adsorption described as above was performed
by heating from 333 to 423 K in a He flow (total flow
rate: 30 cm?-min~') at 10 K-min~'. Desorption curves
were obtained by the analysis of effluent gases.

2.4. Infrared Spectroscopy

Infrared spectra were obtained with a fourier trans-
form infrared spectrometer (FT/IR-610, Jasco Co.)
equipped with an MCT (mercury cadmium teluride)
detector. Spectra were recorded at a resolution of 4
cm™! with 64 scans. An APS/SBA pellet (20 mg, 20
mm in diameter) placed in a flow cell with ZnSe win-
dows was heated in a He flow at 423 K for 1 h. A
mixture of 2.3% H>O with He balance was fed to the
cell at 333 K for 30 min, and then the gas introduced
was switched to the mixture of 3% COz and 2.3% H20
with He balance. A difference spectrum was obtained
by subtracting the spectrum before CO: adsorption
from that after CO: adsorption. In the case of mea-
surement under dry condition, a mixture of 3% CO:
with He balance was fed into the cell without pre-
adsorption of water vapor.
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3. Results and Discussion

3.1. Characterization of the Adsorbents

Figure 1 shows the TG curves of calcined SBA-15,
APG and APS/SBA. The TG curve of SBA-15
showed that weight loss continued only up to 390 K
due to desorption of physisorbed water. The TG
curve of APG showed two-stage weight loss: the first
endothermic step with weight loss of 9.6% up to 390 K
was due to desorption of physisorbed water, and the
second exothermic step with weight loss of 40.7%
between 500 and 920 K was due to combustion of
organic moieties. The weight loss at the second step
was 45.0% of the “dry base,” and close to the value
(45.5%) expected from Eq. (2), where NH2(CH2)3Si01.5
is the composition of APG, as expected from Eq. (1).

NH2(CH2)3S101.5 + xO2

— Si0> + combustion products * 2)

The TG curve of APS/SBA was similar to that of APG,
with weight losses due to desorption of water and due
to combustion of organic moieties from 470 K.
Therefore, APS/SBA can be used in air at less than 423
K, at which APS/SBA is completely regenerated.
This observation is similar to the cases of AEAPA/SBA
and TA/SBA.

Weight loss/%

-50 i 1 1 1 1 1 1
303 373 473 573 673 773 873 973
Temperature/K
Fig. 1 TG Curves of SBA-15 (dotted line), APS/SBA (broken

line) and APG (solid line) in Air
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The compositions, numbers of aminosilane mole-
cules per 1 nm? of SBA-15 surface area, and amine
contents are summarized in Table 1. These values
were determined from the TG weight losses due to
combustion of organic moieties. The numbers of
aminosilanes anchored to SBA-15 decreased in the
order: APS/SBA > AEAPS/SBA > TA/SBA. This order
is reasonable if the molecular sizes of aminosilanes are
considered. On the other hand, the amine content
increased in the order: APS/SBA < AEAPS/SBA <
TA/SBA.

Surface coverage was calculated on the basis of the
cross section area of anchored aminosilane at mono-
layer coverage (am) estimated by Eq. (3)'9,

am=1.091-(M/N-d)** 3)
where N denotes the Avogadro number. M and d are
the molecular weight and density of aminosilane gel
obtained by hydrolysis and condensation of aminosi-
lane, respectively. In Eq. (3), anchored aminosilane
molecules are assumed to be spherical and form close-
packed structures. The surface coverage of aminosi-
lane was estimated to be 79, 78 and 92% for APS/SBA,
AEAPS/SBA and TA/SBA, respectively. Therefore,
the coverage of aminosilane anchored by the grafting
method was estimated to be less than a monolayer.

The surface areas of the adsorbents were measured
by N2 adsorption at 77 K. Figure 2 shows the N»
adsorption-desorption isotherms of SBA-15 and amino-
silane-modified SBA-15 at 77 K. The isotherms of
APS/SBA, AEAPS/SBA and TA/SBA were classified
as type IV, like that of SBA-15, indicating that the orig-
inal mesoporous structure was still retained for these
adsorbents. Although modification of SBA-15 with
aminosilanes reduced the amounts of adsorbed N,
higher surface areas were retained for APS/SBA,
AEAPS/SBA and TA/SBA (Table 1). On the other
hand, the surface areas of APS/SBA(i) and APG were
very low (2 m?-g™).

Figure 3 shows the pore size distributions obtained
from desorption branches of the isotherms of SBA-15
and aminosilane-modified SBA-15. The mean pore
diameters of APS/SBA, AEAPS/SBA and TA/SBA
were smaller than that of SBA-15 (6.0 nm), indicating

Table 1 Physical and Chemical Properties of Adsorbents
SA® NO Amine contents?
it b)

Adsorbent [m2-g'] Composition [molecule - nm-2] [N-mmol-g']
SBA-15 910 Si0O2 0 0
APS/SBA 360 Si02°0.24(C5HsNSiO1.5) 2.6 2.7
AEAPS/SBA 310 Si02-0.18(CsH13N2SiO1.5) 2.0 4.2
TA/SBA 240 $i02°0.16(C7H18N3Si01.5) 1.8 5.1
APA/SBA() 2 Si02-1.10(C3HsNSiO1.5) 12 6.0
APG 2 C3HsNSiO1 5 — 9.0

a) Surface area calculated by BET method. b) Estimated by TG analysis.

cules adhering per 1 nm? of SBA-15 surface.
adsorbent.
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¢) Number of organosilane mole-

d) Defined as the number of nitrogen atom per 1 g of the
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The solid and open points indicate measurements during adsorp-
tion and desorption processes, respectively.

Fig. 2 Nz Adsorption-desorption Isotherms of APS/SBA (A,
), AEAPS/SBA (1, ), TA/SBA (@, O) and SBA-
15 (@, yat 77K
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Fig. 3 Pore Size Distributions of APS/SBA (&), AEAPS/SBA
(), TA/SBA (O) and SBA-15 () Calculated from
the Desorption Branch by the BJH Method

homogeneous fixation of aminosilane molecules on the
pore wall of SBA-15. Longer organic chains of
aminosilane were associated with smaller pore size of
aminosilane-modified SBA-15. In particular, the mean
pore diameter was decreased to 4.8 nm by modification
with TA. However, the sharp pore size distribution of
SBA-15 was maintained after modification with
aminosilanes by grafting. This suggests that the pore
wall of SBA-15 was uniformly modified with amines
by grafting.

J. Jpn. Petrol. Inst.,
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0.8

B Measured by N, adsorption
Predicted from Eq. 4

Pore volume/cm3-g!
o o
= o

o
¥}

APS/SBA  AEAPS/SBA TA/SBA

Fig. 4 Comparison of Pore Volumes Measured by N:
Adsorption with Those Predicted from Eq. (4)

Figure 4 compares the pore volumes measured by
N2 adsorption with the predicted value (Vea; cm?-g™")
from Eq. (4). In Eq. (4), Vsea and w are pore volume
of SBA-15 (cm?-g') and aminosilane loading (wt%)
determined by TG analysis, respectively, and d is the
density (g-cm™) of corresponding aminosilane gel
obtained by hydrolysis and condensation of aminosi-
lane.

Veal = Vspa X (100 — w)/100 — w/(100 X d) @)
The measured pore volume was very close to the pre-
dicted value for each adsorbent. This result indicates
that SBA-15 was modified without pore plugging.

3.2. Adsorption-desorption Properties

The breakthrough curves of COz in the presence and
absence of water vapor are compared in Fig. 5, and the
COz adsorption capacities obtained from the break-
through curves are summarized in Table 2. In the
breakthrough curves over only SBA-15, the relative
concentration of CO2 immediately reached unity due to
the low adsorption capacity. On the other hand, con-
siderable amounts of CO> were adsorbed on APS/SBA,
AEAPS/SBA and TA/SBA. These aminosilane-modi-
fied SBA-15 had almost the same adsorption capacity
in the presence and absence of water vapor. In partic-
ular, the adsorption capacity of TA/SBA reached 1.2
mmol- g in the presence of water vapor. These
results demonstrate that aminosilane-modified SBA-15
is effective for CO2 adsorption under both dry and
moist conditions.

Amine efficiencies of APS/SBA, AEAPS/SBA and
TA/SBA, as defined by Eq. (5), are summarized in
Table 2.

Amine efficiency

= adsorbed CO2/amine content 5)
The amine efficiencies of these adsorbents were similar,
as adsorption capacity is proportional to the amine con-
tent of the adsorbents. Therefore, primary amine and
secondary amine are involved in CO> adsorption with
similar efficiency.
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Adsorbent weight: 1.5 g, total flow rate: 30 cm?* min™'.
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Fig. 5 Breakthrough Curves of CO2 Measured at 333 K with 15% CO: with N2 Balance (@), and 15% CO»,
12% H-0 with N2 Balance (O)

Table 2 Capacities of Various Adsorbents for CO2 Adsorption at

333K
Adsorbed CO2 [mmol - g~! (amine efficiency?)]

Adsorbent

0% H20Y 12% H>0°
SBA-15 0.05 0.04
APS/SBA 0.52 (0.19) 0.50 (0.19)
AEAPS/SBA 0.87 (0.21) 0.90 (0.21)
TA/SBA 1.10 (0.22) 1.21 (0.24)
APS/SBA() 0.14 (0.01) 2.32(0.39)
APG 0.03 (0.00) 2.71 (0.30)
Na-Y?9 1.23 0.03

a) Amine efficiency = adsorbed COz/amine content. b) 15%

CO2 with N2 balance.

ance. d)Si/Al=2.7

¢) 15% of CO2, 12% H20 with N> bal-

J. Jpn. Petrol. Inst.,

The adsorption properties of zeolite Na-Y, APS/SBA()
and APG were very different from aminosilane-modi-
fied SBA-15. Adsorption of CO: did not occur on
zeolite Na-Y (Si/Al=2.7) in the presence of water
vapor. Adsorption of CO2 was observed only in the
presence of water vapor on APS/SBA(i) and APG. In
spite of the low surface area, the COz adsorption capac-
ities of APS/SBA(i) and APG were much higher than
that of aminosilane-modified SBA-15 in the presence
of water vapor. The amine-CO: reaction on APS/SBA(1)
and APG is associated with swelling with water or
hydrolysis of siloxane bonds, which would enable the
interior amino groups of the solid to react with COx.
However, the breakthrough curves show that the rate of
CO2 adsorption on APS/SBA(@) and APG is much
lower than on APS/SBA, AEAPS/SBA and TA/SBA.
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Fig. 6 Desorption of CO2 (O) and H20 (@) in a He Flow (30 cm?- min™') from APS/SBA (A), AEAPS/SBA (B), TA/SBA (C)
and APG (D) after Adsorption (333 K, 15% COz, 12% H20 with N2 balance)

This result indicates that the amine-CO:2 reaction on
APS/SBA, AEAPS/SBA and TA/SBA proceeds imme-
diately, since these amine compounds were anchored
and distributed on the surface of the mesoporous sup-
port.

The CO:2 and H>O desorption curves were measured
by heating the adsorbents up to 423 K in a He flow
after adsorption at 333 K. The desorption curves for
APS/SBA, AEAPS/SBA, TA/SBA and APG are shown
in Fig. 6. The amounts of desorbed CO. were
consistent with the amounts of adsorbed CO», and
adsorption capacities were recovered after desorption.
The adsorption capacity of APS/SBA at second adsorp-
tion (0.49 mmol-g™') was comparable to that at first
adsorption  (0.50 mmol-g™!). Aminosilane-modified
SBA-15 was more rapidly regenerated than APG. For
example, in the case of TA/SBA (Fig. 6C), 77% of
adsorbed CO2 was desorbed before the temperature
reached 423 K, and then desorption was completed for
7 min after the temperature reached 423 K. On the
other hand, only 9% of adsorbed CO: was desorbed
from APG before the temperature reached 423 K (Fig.
6D), and complete desorption of CO2 from APG took
about 2h. These results indicate that amine com-
pounds exposed to the surface are optimum for
desorption of COs.

The adsorption state of CO2 on aminosilane-modi-
fied SBA-15 was studied by in-situ IR spectroscopy.

J. Jpn. Petrol. Inst.,
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Spectrum b was obtained by subtraction of spectrum a.
Spectrum ¢ was obtained by subtraction of the spectrum meas-
ured after H2O adsorption.

Fig. 7 IR Spectrum of Dried APS/SBA (a) and Difference
Spectra after CO2 Adsorption in the Absence (b) and
Presence (c) of Water
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The IR spectra of surface species formed on APS/SBA
by the amine-CO: reaction in the presence and absence
of water are compared in Fig. 7. The IR spectra in
the presence and absence of water were identical (spec-
trum b, c). This result indicates that water does not
affect the amine-CO: reaction. Absorption bands at
3439 cm™' were attributed to N-H stretch vibration of
carbamate (R-NHCOO-, R: alkyl)!®!?.  Absorption
bands at 1628 cm™! and 1563 cm™! and 1488 cm™! were
assigned to NHs* deformation, C=0O stretch and
“NCOO” skeletal vibration of alkylammonium carba-
mate, respectively'®. Therefore, CO: is adsorbed on
aminosilane-modified SBA-15 through formation of
alkylammonium carbamate (Eq. (6)) in the presence
and absence of water vapor.

2R-NHz + CO2 — R-NHCOO™ *HsN-R 6)

Carbon dioxide interacts more strongly with amino-
silane-modified SBA-15 through formation of alkyl-
ammonium carbamate than water vapor which is physi-
cally adsorbed on aminosilane-modified SBA-15. The
adsorption state of CO2 on aminosilane-modified SBA-
15 is different from that on zeolites, on which both CO2
and water vapor are adsorbed physically.

4. Conclusion

Novel adsorbents were prepared by modification of
SBA-15 with aminosilanes. CO: adsorption and
desorption proceeded immediately on aminosilane-
modified SBA-15, since the amine compounds were
uniformly anchored and distributed on the pore walls of
the mesoporous support. Furthermore, aminosilane-
modified SBA-15 exhibited high adsorption capacities
in the presence of water vapor. The results of CO2
adsorption-desorption experiments demonstrate that
these adsorbents are effective for CO: separation in the
presence of water vapor and are applicable to COz cap-
ture and separation from flue gases containing water
vapor.

J. Jpn. Petrol. Inst.,
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