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Abstract Adsorption of CO, was investigated over a wide
range of conditions on a series of mesoporous silica adsor-
bents comprised of conventional MCM-41, pore-expanded
MCM-41 silica (PE-MCM-41) and triamine surface-modi-
fied PE-MCM-41 (TRI-PE-MCM-41). The isosteric heat of
adsorption, calculated from adsorption isotherms at differ-
ent temperatures (298-328 K), showed a significant increase
in CO—adsorbent interaction after amine functionnalization
of PE-MCM-41, consistent with the high CO, uptake in
the very low range of CO, concentration. The CO, adsorp-
tion isotherm and kinetics data showed the high potential of
TRI-PE-MCM-41 material for CO, removal in gas purifi-
cation and separation applications. With TRI-PE-MCM-41,
the CO; selectivity over Ny was drastically improved over
a wide range of conditions compared to pure mesoporous
silica. Moreover, the adsorption was reversible and fast, and
the adsorbent was thermally stable and tolerant to moisture.

Keywords CO; adsorption - N, adsorption -
Pore-expanded MCM-41 - Amine modified pore-expanded
MCM-41 - CO; adsorption selectivity - CO; removal -
Tolerance to moisture

Abbreviations

SBET Specific surface area m2/g
W Pore volume cm?/g

D, Pore diameter nm

T Temperature K
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P Pressure bar

Mexcess  EXcess adsorbed mass g/g

Pgas Gas density g/cm?

Q Reduced mass mmol/g

Vss Volume of the suspension system cm?
Vadsorbent Volume of the adsorbent cm?

qst Isosteric heat kJ/mol

k Kinetics rate constant s~ !

1 Introduction

Carbon Dioxide (CO») is a major greenhouse gas with sig-
nificant contribution to global warming (Halmann and Sten-
berg 1999). Removal of CO, from different gas streams
is becoming increasingly important for various applications
like power generation, natural gas, stack gas and hydrogen
purification as well as closed-circuit breathing systems for
use in confined spaces such as manned space shuttles (Satya-
pal et al. 2001), and in emergency situations. The recovered
CO,, with different degrees of purity, has also numerous ap-
plications in the chemical industry.

To decrease the CO, impact on climate change and to
increase the CO; concentration in the recovered effluents,
more efficient CO, removal technologies are needed. Lig-
uid phase absorption in amine solutions has been widely
used to treat gases with medium to high CO;, concentra-
tion, but due to the high regeneration cost of the absorbent
and corrosion problems (Veawab et al. 1999), it is highly
desirable to develop less energy intensive technologies like
adsorption (Ruthven et al. 1994) and membrane separa-
tion (Hong et al. 2008). It is widely recognized that ad-
sorption is a promising technology provided that materi-
als with high selectivity toward CO, are available (Aaron
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and Tsouris 2005). During the recent years, intensive re-
search activity has been focused on the development of
technologies based on sorption of CO; on oxide surfaces
(Wang et al. 2008) at high temperature, as well as adsorp-
tion using zeolites (Goj et al. 2002; Cavenati et al. 2004;
Akten et al. 2003; Belmabkhout et al. 2007), carbon (Hi-
meno et al. 2005) and metal-organic frameworks (MOFs)
(Millward and Yaghi 2005; Bourrelly et al. 2005; Yang et al.
2008). The discovery of periodic mesoporous materials like
MCM-41 silica has resulted in extensive research activity in
their synthesis and applications, particularly for separation
and catalysis (Sayari 1996, Sayari and Jaroniec 2008). Al-
though, the use of organically-modified silica materials for
CO; removal was extensively studied using different meso-
porous silica supports such as MCM-41, SBA-15, MCM-48
and PE-MCM-41 (for a review see Harlick and Sayari 2007
and reference therein); adsorption of CO, was investigated
in a limited range of CO; concentration, temperature and
pressure.

In a previous contribution (Harlick and Sayari 2007),
our group showed that the triamine-modified PE-MCM-41
(TRI-PE-MCM-41) adsorbent obtained by post-synthesis
pore expansion of MCM-41 and its surface functionaliza-
tion, showed promising properties in terms of CO; uptake
and rate of adsorption for 5% CO; in N at room tem-
perature. In the current work, we investigated the adsorp-
tion of CO, over a wide range of pressure up to 20 bar
and at different temperatures (298, 308, 318, 328 K) for
the parent MCM-41 mesoporous silica, the post-synthesis
pore-expanded MCM-41 (PE-MCM-41) and its triamine-
modified counterpart (TRI-PE-MCM-41). This work showed
how CO; adsorption properties evolve from pure meso-
porous silica to structurally or organically modified mate-
rials over a wide range of CO, pressure and at different
temperatures. Upon amine functionalization, the CO, up-
take was remarkably improved, particularly, at low CO;
concentration and the material was capable of both chem-
ical and physical adsorption at low pressure and high pres-
sure, respectively. Using CO,—N»> mixture for illustration,
it was found that surface functionalization strongly af-
fects the selectivity toward CO,. Moreover, the organically-
modified material was found to be stable and recyclable up
to 423 K.

2 Experimental
2.1 Materials

Figure 1 shows the procedure for the synthesis of MCM-
41 and post-synthesis hydrothermal pore-expansion (Sayari
etal. 1998). MCM-41 silica was prepared in the presence of
cetyltrimethylammonium bromide (CTAB) at 353 K (Sayari
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Fig. 1 Synthesis of MCM-41 and post-synthesis pore expansion

NH,
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R= N NHNA i~ NH,

Fig.2 Functionalization of mesoporous (PE-MCM-41) silica by graft-
ing

and Yang 2000). The expander agent used for the prepa-
ration of PE-MCM-41 was dimethyldecylamine (DMDA).
More details about the procedure may be found elsewhere
(Franchi et al. 2005; Harlick and Sayari 2007). Under ap-
propriate conditions, i.e., DMDA/MCM-41 ratio, tempera-
ture and time of the post-synthesis hydrothermal stage, the
pore size of MCM-41 can be expanded from ca. 3.5 nm up
to ca. 20 nm. As shown earlier (Harlick and Sayari 2007),
the pore enlargement is critical for improved incorporation
of organic functionalities onto the internal surface of the ma-
terial and for its CO; adsorptive properties.

Figure 2 shows a schematic diagram of the amine func-
tionalization. The PE-MCM-41 was used as a support for
post-synthesis grafting of 3-[2-(2-aminoethylamino)ethyl-
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amino] propyltrimethoxysilane (TRI). Because of its wide
open structure and its enlarged pores, PE-MCM-4 was able
to accommodate a high loading of amine groups. More de-
tails about the procedure may be found elsewhere (Harlick
and Sayari 2007).

Carbon dioxide (99.99%), nitrogen (99.999%), 1 and
10% carbon dioxide in nitrogen, 0.1% carbon dioxide in
helium and pure helium (99.999%) were provided by BOC
Canada.

2.2 Material characterization

Nitrogen adsorption measurements were performed at 77 K
using a Micromeritics ASAP 2020 automated volumetric in-
strument. Prior to each analysis, the materials were degassed
at 423 K under high vacuum (1.3 x 10~ mbar). The specific
surface area (Spgr) was determined using the BET method
in 0.05-0.2 relative pressure range and the pore size distri-
bution (PSD) was calculated using the KJS (Kruk, Jaroniec,
Sayari) approach (Kruk et al. 1997). The pore diameter (D))
corresponds to the maximum of the PSD and the total pore
volume was calculated from the amount adsorbed at a rela-
tive pressure of about 0.99.

2.3 Adsorption and kinetics measurements
Adsorption equilibrium and kinetics measurements of pure

CO; were performed using a Rubotherm gravimetric-densi-

Fig. 3 Schematic diagram of
the Rubotherm gravimetric-
densimetric set-up

—J
1

metric apparatus (Rubotherm Germany), schematically rep-
resented in Fig. 3 and composed mainly of a magnetic sus-
pension balance (MSB) and a network of valves, flowme-
ters and temperature and pressure sensors. It operates both
in closed and open loops.

The MSB overcomes the disadvantages of other tradi-
tional microbalances by separating the sensitive microbal-
ance from the sample and the measuring atmosphere (Dreis-
bach et al. 2003). In a typical adsorption experiment, the
adsorbent was weighed and placed in a basket suspended
by a permanent magnet through an electromagnet. The cell
in which the basket is housed was then closed, and vac-
uum or high pressure was applied. This system is able to
perform adsorption measurements in a wide range of gas
pressure from O to 6 MPa. The adsorption temperature may
also be controlled within the range of 298 to 423 K. The
clean (outgassed) adsorbent was exposed to flowing gas
at constant temperature. The change in the weight of the
adsorbent sample as well as the pressure and temperature
were measured continuously until the thermodynamic equi-
librium was reached. In a typical kinetic experiment, the gas
was introduced in such a way to reach the desired pressure
in 5-10 s. The flow rate was 100 ml/min. The change in the
weight of the adsorbent sample as well as the pressure and
temperature were measured continuously until the thermo-
dynamic equilibrium was reached. The gravimetric method
allows the direct measurement of the reduced mass £2.

Magnetic Suspension Balance

D=0 |

MFC: Mass flow controller

PS: Pressure sensor

EV: Electromagnetic shut-off valve

DV: Dynamic valve for pressure control

EV1
e | Gas1
MFC 1

Gas supply
EV2 | Gas2
Ventilation

PS 1
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Correction for the buoyancy effect is required to deter-
mine the excess adsorbed amount (Belmabkhout et al. 2004;
Dreisbach et al. 2003) using (1), where Vagsorbent and Vi
refer to the volume of the adsorbent and the volume of
the suspension system, respectively. These volumes were
determined using the helium isotherm method by assum-
ing that helium penetrates in all the open pores of the ma-
terials without being adsorbed (Sircar 2002; Belmabkhout
et al. 2004). The density of the gas was determined ex-
perimentally using a volume-calibrated titanium cylinder.
By weighing this calibrated volume in the gas atmosphere,
the local density of the gas was also determined. Simulta-
neous measurement of gas uptake and gas phase density
as a function of pressure and temperature was thus possi-
ble.

2 = Mexcess — pgas(vadsorbent + Vis) (D

The pressure was measured using two Drucks high pressure
transmitters ranging from 0.5 to 18 bar and 1 bar to 80 bar,
respectively, and one MKS low pressure transmitter ranging

3 Results and discussion
3.1 Material characterization

Figure 4 and Table 1 show the structural characteristics
of the MCM-41, PE-MCM-41 and TRI-PE-MCM-41 ma-
terials. All the nitrogen adsorption isotherms corresponded
to type IV according to the IUPAC classification, which
is characteristic of mesoporous materials. Although it had
broader PSD, PE-MCM-41 had significantly larger pore size
and volume than MCM-41 and exhibited comparably high
surface area. The difference between PE-MCM-41 and TRI-
PE-MCM-41 in terms of pore diameter was attributed to the
space occupied by the amine-containing organic species on
the surface.

3.2 Adsorption measurements of pure CO;

Figure 5 shows the adsorption isotherms for MCM-41, PE-
MCM-41 and TRI-PE-MCM-41 materials at 298 K and up

Table 1 Structural properties of materials

from O to 1 bar. Prior to each adsorption experiment, about ~ Materials Sger (m?/g) Vp (cm’/g) Dy (nm)
0.5 to 1 g sample was outgassed up to 423 K and a resid-
4 ) . MCM-41 1490 0.99 3.3
ual pressure 10" mbar. The temperature during adsorption
. . PE-MCM-41 1230 3.09 11.7
measurements was held constant using a thermostated cir-
. . TRI-PE-MCM-41 367 0.87 9.4
culating fluid.
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Fig. 4 N adsorption isotherms for materials; inset represents the pore size distributions
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Fig. 5 Gravimetric CO; adsorption uptake versus pressure for materials at 298 K; inset showing the results at low pressure

to 20 bar. The reproducibility of data was very good. The
average errors calculated were 1-2% and 2-5% for CO;
and N adsorption at 298 K, respectively. These values in-
crease slightly at higher the temperature of adsorption, as
they depend strongly on the total excess adsorption uptake.
Because the very low Ny uptake on TRI-PE-MCM-41, the
uncertainty may exceed 50%. TRI-PE-MCM-41 exhibited
significant CO, uptake in the low CO concentration range,
due mainly to the strong interaction of CO; with the surface
amine sites. The adsorption uptake at 5% of dry CO, was
2.05 mmol/g (9.02 wt%) while at the same concentration,
CO; adsorption on MCM-41 and PE-MCM-41 was very
small.

The sequence in terms of CO, uptake at low pressure
of CO, was TRI-PE-MCM-41 » PE-MCM-41 ~ MCM-
41. At moderate and high pressures, the slope of TRI-PE-
MCM-41 adsorption isotherm decreased steeply in compar-
ison to MCM-41 and PE-MCM-41 materials indicative of
the decrease of CO,—adsorbent interactions. Nevertheless,
the CO; uptake continued to increase with increasing CO;
pressure. The sequence in terms of CO; uptake at high pres-
sure (e.g., 20 bar) was MCM-41 > PE-MCM-41 > TRI-PE-
MCM-41, in good agreement with the sequence in terms of
BET surface area. In fact, at low CO; concentration, the ad-
sorption on TRI-PE-MCM-41 was chemical in nature while
physical adsorption within the pores occurred at high pres-

@ Springer

sure. Thus, TRI-PE-MCM-41 combined both chemical and
physical adsorption.

3.3 CO; isosteric heat of adsorption

Figure 6 shows the evolution of the isosteric heat of adsorp-
tion as a function of CO; loading for MCM-41, PE-MCM-
41 and TRI-PE-MCM-41 materials.

The isosteric heat (gs) of adsorption is a sensitive probe
for adsorption non-uniformity (heterogeneity) and hence for
surface structure, reflecting in turn the distribution of sur-
face energy of the adsorbent. The gy of CO; adsorption on
MCM-41, PE-MCM-41 and TRI-PE-MCM-41 were calcu-
lated from adsorption isotherms at different temperatures
(298, 308, 318, 328 K). As shown in Figs. 7, 8 and 9.
MCM-41 had almost constant gy vs. CO, loading, reflect-
ing the uniform nature of the surface and the values deter-
mined at low loading (ca. 22 kJ/mol) are comparable to typ-
ical values for MCM-41 silica (Yufeng and Seaton 2006).
After pore expansion, the CO, gy decreased slightly as a
function of loading indicative of the surface heterogeneity
of PE-MCM-41, in good agreement with its broader PSD.
After functionalization the gy was significantly enhanced
due to chemical interactions with amine sites at low load-
ing. As the CO; loading over TRI-PE-MCM-41 increased,
the CO, gy decreased significantly, reflecting the high de-
gree of heterogeneity of the surface energy. Two different
slopes were clearly observed, before and after 2.5 mmol/g
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Fig. 6 Isosteric heat of adsorption of CO> vs. loading for MCM-41, PE-MCM-41 and TRI-PE-MCM-41

Fig.7 CO, adsorption
isotherms for TRI-PE-MCM-41

CO2 adsorbed (mmol/g)

CO; uptake (as indicated by the arrow in Fig. 6) indicative
of the occurrence of both chemical and physical adsorption
mechanisms. Generally the error on the isosteric heat varies
between 5% to 20% depending on the temperature range
and the loading (the error is larger at low loading). The se-
quence of the gg at low loading was TRI-PE-MCM-41 >
PE-MCM-41 ~ MCM-41 consistent with the sequence of
the CO; adsorption uptake at low loading.

4 6 8 10 12
Pressure (bar)

3.4 Kinetics of CO, adsorption

Figure 10 shows the kinetic curve of adsorption at 298 K and
1 bar for MCM-41, PE-MCM-41 and TRI-PE-MCM-41 ma-
terials determined using pure CO; flowing at
100 mL/min.

The CO, adsorption kinetic curves were fitted to Linear
Driving Model (LDF) (Murcia et al. 2003), to estimate the
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Fig. 8 CO; adsorption 7
isotherms for MCM-41
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Fig. 9 CO; adsorption 6
isotherms for PE-MCM-41

CO. adsorbed (mmol/g)

kinetic rate constant of CO; adsorption. The LDF model is
described by (2):

B _eH )
Ne

where n, is the equilibrium uptake at 298 K and 1 bar,
n; is the uptake at time ¢ and k is the kinetic rate con-
stant. The results of the fit are shown in Fig. 11 and Ta-
ble 2. The CO; kinetic rate constant was significantly higher

@ Springer

8 10 12 14 16
Pressure (bar)

upon pore expansion, most likely due to the larger pores
and higher pore volume of PE-MCM-41 in comparison to
MCM-41. The TRI-PE-MCM-41 seems to have higher ki-
netic rate constant than PE-MCM-41 and MCM-41, up to
0.5 fractional uptake n;/n.. The sequence in terms of LDF
kinetic rate constant was TRI-PE-MCM-41 > PE-MCM-
41 > MCM-41. At higher fractional uptake, the fit for TRI-
PE-MCM-41 was no longer satisfactory and the kinetic rate
constant seemed to decrease to ca. 2 x 1073 s~!. This
may be associated with mass transfer barriers caused by the
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Fig. 10 Kinetics of CO, 3
adsorption at 1 bar and 298 K
for MCM-41, PE-MCM-41 and MCM-41
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Fig. 11 Fractional CO; uptake
(n;/n.) at 1 bar and 298 K for
MCM-41, PE-MCM-41 and
TRI-PE-MCM-41
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Table 2 LDF kinetic rate constant of CO, adsorption

Materials k (LDF kinetic rate)/s~!
MCM-41 1.07 x 1072
PE-MCM-41 4 %1072

TRI-PE-MCM-41 6 x 1072 (up to 0.5)

occurrence of both chemical and physical adsorption and
by the presence of amine—containing species on the pore
walls.

100

150 200 250 300 350
Time (s)

400

3.5 Selectivity of adsorption of CO, over Nj

Figure 12 shows the CO, and Ny adsorption isotherms up
to 20 bar for MCM-41, PE-MCM-41 and TRI-PE-MCM-41
materials at ambient temperature. The nitrogen adsorption
capacity on TRI-PE-MCM-41 was very small in comparison
to CO; uptake in the whole range of pressure.

Figure 13 shows the evolution of the CO,/N; molar se-
lectivity ratio, i.e, the ratio of both pure CO; and N, ad-
sorbed in separate experiments, as a function of pressure for
MCM-41, PE-MCM-41 and TRI-PE-MCM-41 materials. At
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Fig. 12 CO; and N; adsorption 9 -

isotherms for MCM-41, -2-C02-MCM-41
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TRI-PE-MCM-41 at 298 K
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Table 3 CO,/N, molar selectivity ratio for materials at 1 bar and
298 K and the corresponding selectivity calculated using IAST

8 10 12 14 16 18 20
Pressure (bar)

Table 4 Equilibrium capacity of CO, adsorption in the presence of
27% relative humidity at different CO;, concentrations

Materials CO,/N; molar IAST CO; vs. Nj selectivity Gas composition Equilibrium capacity/mmol/g

selectivity ratio  for CO,:N, = 20:80 Dry feed Humid feed (27% RH)
MCM-41 9 11 1000 ppm CO; in He 1.2 (5.28 wt%) 1.43 (6.3 wt%)
PE-MCM-41 9 12 5% CO3 in Np 2.05 (9.02 wt%) 2.25 (9.9 wt%)

TRI-PE-MCM-41 308 IAST not applicable

P =1 bar and T = 298 K, the CO,/N; molar ratio selec-
tivity over MCM-41 and PE-MCM-41 was 9. However, the
selectivity predicted by the Ideal Adsorption Solution The-
ory (IAST) (Myers and Prausnitz 1965), which takes into
account the competition between both adsorbates was found
to be slightly higher (ca. 11). The IAST does not apply for
chemical adsorbents like TRI-PE-MCM-41.

As shown in Fig. 13 and Table 3, the CO,/N, molar se-
lectivity ratio after surface functionalization was drastically
improved over the whole range of pressure, indicative of the
high selectivity of CO, adsorption over N» for the TRI-PE-
MCM-41. Under the same conditions (1 bar CO», 298 K),
the CO,/N, molar ratios for 13X zeolite and activated car-
bon were reported to be 18 and 8, respectively (Siriwardane
et al. 2001).

3.6 Thermal stability and cyclability for TRI-PE-MCM-41
For practical applications, the adsorbent should not only

possess a high adsorption capacity for CO,, and high se-
lectivity over other species but also display a stable cyclic

@ Springer

adsorption—desorption performance during prolonged oper-
ation. Figure 14 illustrates the adsorptive capacity of the
TRI-PE-MCM-41 material during repetitive cycles of CO,
adsorption at 298 K using CO2:N3 = 5:95 mixture and des-
orption under flowing N, at 473 K. Examination of the cycli-
cal data reveals that the performance of the TRI-PE-MCM-
41 adsorbent is fairly stable, with only minor decrease in the
adsorption capacity (0.03 mmol/g of COy, i.e., 1.5% of ini-
tial capacity) after seven adsorption—desorption cycles. The
loss of performance may be mitigated by regenerating the
material at lower temperature, e.g., 353 K.

3.7 Tolerance to moisture

The separation and removal of CO; often involve gaseous
feed streams containing varying amounts of water vapor. Ta-
ble 4 shows the equilibrium capacity at 27% relative humid-
ity (RH) for CO; at different concentrations. The adsorp-
tion experiments were performed by first adsorbing water
vapor, i.e., by passing pure Ny through a temperature con-
trolled H>O saturator, until equilibrium and then switching
to CO7:Nj = 5:95 passing through the same H>O satura-
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Fig. 13 CO,/N; adsorption 500 -
molar ratio vs pressure for
MCM-41, PE-MCM-41 and 450 -

TRI-PE-MCM-41 at 298 K
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Fig. 14 Cyclical adsorption
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tor. In contrast to other CO; adsorbents like zeolites (Bran-
dani and Ruthven 2004), the equilibrium CO; adsorption
capacity of TRI-PE-MCM-41 in the presence of humidity
was improved in comparison to adsorption of dry CO,. At
27% RH, 19% and 10% gain was observed for 0.1% and 5%
CO; concentration, respectively. Knowing that adsorption
of N» is very small in both dry and humid conditions, we
can conclude clearly that the selectivity of CO, over N> in
the presence of water vapor will be as high as in dry gaseous
streams.

over
TRI-PE-MCM-41 :adsorption 24
CO;:Ny =5:95 at 298;
desorption at 423 K under
nitrogen
1.5 A
1 -
0.5 -
0 L T T T T T T
1 2 3 4 5 6 7

Cycles

4 Conclusion

Adsorption of CO; on a series of mesoporous pure silica
such as MCM-41, PE-MCM-41 and amine-functionalized
TRI-PE-MCM-41 was investigated over a wide range of
pressure at different temperatures. Compared to MCM-
41, the TRI-PE-MCM-41 adsorbent exhibited considerably
larger CO» adsorption capacity, particularly at low to mod-
erate pressure. Moreover, TRI-PE-MCM-41 exhibited much
higher CO>/N> molar selectivity ratio than MCM-41 and
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PE-MCM-41. TRI-PE-MCM-41 was also completely re-
versible CO, adsorbent, recyclable and thermally stable at
423 K. While MCM-41 and PE-MCM-41 were purely phys-
ical adsorbents characterized by weak and relatively con-
stant COy—adsorbent interactions (ca. 25-20 kJ/mol), the
TRI-PE-MCM-41 showed decreasing CO,—adsorbent inter-
actions due to the effect of chemical adsorption and the tran-
sition to physisorption. At low CO» concentration, chemical
adsorption with high isosteric heat (ca. 90 kJ/mol) was dom-
inant, whereas at higher pressure, physical adsorption with
weaker CO,—adsorbent interactions prevailed. In contrast to
zeolites, the TRI-PE-MCM-41 CO, uptake increased in the
presence of humidity. This is a desirable property for poten-
tial applications in gas purification and separation.
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