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ABSTRACT Three classes of amine-functionalized mesocellular foam (MCF) materials are prepared and evaluated as CO2 adsorbents.
The stability of the adsorbents under steam/air and steam/nitrogen conditions is investigated using a Parr autoclave reactor to simulate,
in an accelerated manner, the exposure that such adsorbents will see under steam stripping regeneration conditions at various
temperatures. The CO2 capacity and organic content of all adsorbents decrease after steam treatment under both steam/air and steam/
nitrogen conditions, primarily due to structural collapse of the MCF framework, but with additional contributions likely associated
with amine degradation during treatment under harsh conditions. Treatment with steam/air is found to have stronger effect on the
CO2 capacity of the adsorbents compared to steam/nitrogen.
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INTRODUCTION

The increasing CO2 concentration in the atmosphere
is considered a leading contributor to global climate
change in the past century (1, 2). As a result, in-

creased attention has been paid to the development of
methods to reduce anthropogenic CO2 emissions to the
atmosphere. The benchmark process for carbon capture
from large point sources is based on use of liquid amine/
water solutions to absorb CO2 from a postcombustion
exhaust stream, with the solvents being regenerated by an
energy-intensive steam-stripping technique. This approach
is often characterized as having high cost and low energy
efficiency, although it should be noted that significant ad-
vances in cost-reduction and optimization have been achieved
in recent years (3-7). In parallel, the development of
processes based on solid adsorbents have been considered
as alternative separation technologies for postcombustion
CO2 capture. Compared to the liquid amine/water process,
the alternative solid adsorbent could provide several advan-
tages, such as elimination of corrosion problems associated
with the liquid amine, as well as decreasing the energy cost
for sorbent regeneration (7).

Among various solid CO2 adsorbents being evaluated,
amine-functionalized adsorbents using mesoporous oxide
materials as substrates show promising properties such as
low operating temperatures (ambient-75 °C) and large
adsorption capacities in the presence of water due to strong
interactions between CO2 and the amine sites. In general,
there are three classes of supported amine sorbents that

have been widely investigated. Class 1 adsorbents were first
investigated by Song in 2002 (8-13), and are most often
composed of polymeric amines [e.g., poly(ethyleneimine),
PEI] that are physically impregnated into/onto porous sup-
ports (14-19). Class 2 adsorbents, based on amines that are
covalently linked to the solid support, are perhaps the most
well-studied class of supported amine adsorbent materials.
They were first reported for CO2 adsorption by Tsuda in
1992 (20, 21), and can be prepared by grafting of silanes to
preformed silica or cocondesation of the amine-containing
silanes with traditional silica precursors, such as tetraethyl
orthosilicate (TEOS). Prior to these applications, silica ma-
terials containing grafted amine groups were well-known in
other applications, such as catalysis (22), adsorption of
biomolecules (23) or adsorption of metal cations (24). Ad-
sorbents of this type are most often prepared by binding
amines to oxides via the use of silane chemistry (25-41) or
via preparation of polymeric supports with amine-containing
side chains (42-44). Sayari’s (45-52) group has done
extensive work related to this class of adsorbents. Our group
reported the first class 3 adsorbents for CO2 capture in 2008
(53, 54) class 3 adsorbents are made by in situ polymeriza-
tion of an amine-containing monomer on porous supports,
leading to covalently grafted polymers on the support. The
hyperbranching surface polymerization of aziridine on flat
substrates was first reported by Kim and co-workers (55),
and then adapted to porous silicates by Rosenholm et. al
(56, 57) and our group (53).

Because most of the research on amine-functionalized
adsorbents has focused on maximizing the CO2 adsorption
capacity, simple sorbent regeneration methods that are not
practical in real processes, such as temperature swing in an
inert gas purge, have been used (7, 58). Our group recently
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reported the first description of steam-stripping for the
regeneration of CO2-loaded supported amine adsorbents
(58). In that preliminary contribution, all three classes of
adsorbents could be fully regenerated through a steam
stripping procedure that utilized very low temperature steam
(105 °C) over several cycles.

However, it can be anticipated that steaming silica-
supported amine materials may lead to significant structural
changes in the solids. Indeed, it is well-established that the
hydrothermal/steam stability of amorphous silica materials
can be problematic, and that the stability is a function of the
materials heteroatom content (e.g., Al, B, etc.) (59, 60), wall
thickness (61), thermal treatments (62), and surface func-
tionalities (63-65), among other factors. Furthermore, there
is no literature available reporting the stability of any of the
three classes of CO2 adsorbents under steaming conditions.
In this study, sorbents of all three classes of aminosilica
materials based on silica mesocellular foam (MCF) supports
were prepared and treated under accelerated steaming
conditions under steam/air and steam/nitrogen at various
temperatures using an autoclave reactor. The physical and
chemical properties of the adsorbents before and after steam
treatment were investigated by scanning electron micros-
copy (SEM), nitrogen physisorption, thermal gravimetric
analysis (TGA), and FT-IR and FT-Raman spectroscopies. The
CO2 adsorption capacities of the solids were measured
before and after exposure to the various steaming conditions
to evaluate the treatments on the capacity of the adsorbents.

EXPERIMENTAL MATERIALS AND METHODS
Materials. Pluronic P123 EO-PO-EO triblock copolymer,

trimethylbenzene (TMB, 97%), tetraethyl orthosilicate (TEOS,
98%), low molecule-weight poly(ethyleneimine) (PEI, Mn ≈ 600,
Mw ≈ 800), methanol (99.8%), ethanol (99%), anhydrous
toluene (99.5%), 3-aminopropyltrimethoxysilane (APTMS, 97%),
and 3-(trimethoxysilyl)propylethane diamine (AEAPTMS, 97%)
were purchased from Aldrich. Concentrated HCl was purchased
from J. T. Baker.

Synthesis of Amine-Functionalized MCF. For the prepara-
tion of all the adsorbents, lab-synthesized mesocellular foam
(MCF) silica was used as the support. In a typical synthesis, 16 g
of Pluronic P123 was used as a structure-directing agent and
was dissolved in 260 g DI-water with 47.1 g concentrated HCl.
Then 16 g of TMB was added at 40 °C and stirred for 2 h before
34.6 g of TEOS was added to the solution. The solution was kept
at 40 °C for 20 h before 184 mg NH4F (in 20 mL DI-water) was
added. The mixture was later aged at 100 °C for another 24 h.
The resulting silica was filtered, washed with DI-water, dried in
oven, and calcined at 550 °C in air for 6 h to remove the organic
template before further use (66, 67). Before the adsorbent
syntheses, the calcined MCF was first dried under vacuum at
100 °C for 24 h to remove absorbed water.

For the preparation of the Class 1 adsorbent, 1.2 g of low-
molecular-weight PEI and 60 mL methanol were mixed first in
a 150 mL flask for 1 h. Subsequently, 2 g of MCF silica was
added and stirred for an additional 12 h. The methanol solvent
was later removed by rotavap, and the resulting adsorbent
(MCF-PEI) was further dried under a vacuum at 75 °C overnight
before testing.

For preparation of the Class 2 adsorbent (MCF-Mono and
MCF-DMA), MCF was functionalized through the reaction of
organosilanes with surface silanols. First, 60 mL of anhydrous
toluene and 2 g of MCF was mixed in a 150 mL pressure vessel

for 1 h, and then 2 g of either APTMS or AEAPTMS was added
into the mixture. The mixture was kept under vigorous stirring
for 24 h at room temperature. The resulting adsorbent (MCF-
DMA and MCF-Mono) was recovered by filtration, washed with
toluene and acetone, and then dried under vacuum at 75 °C
overnight.

For the Class 3 adsorbent, MCF was reacted with aziridine in
a similar manner as reported in the literature (53). Note:
Aziridine is highly reactive and toxic! For this synthesis, 3 g of
MCF was dispersed in 90 mL of toluene in a 150 mL pressure
vessel and the mixture was stirred for 1 h before 6 g of aziridine
(which was synthesized in the lab (53, 68) and immediately
used), was added. After continuous stirring for 24 h, the
resulting adsorbent (MCF-HAS) was filtered, washed with tolu-
ene and ethanol, and dried under a vacuum at 75 °C overnight.
The synthesis methods are depicted in Scheme 1.

Steam/Air and Steam/Nitrogen Treatment of Adsorbents.
An autoclave from Parr Instruments was used to treat the
adsorbents under steam/air or steam/nitrogen conditions, as
depicted in Scheme 2. For both conditions, typically, a glass
tube was filled with 0.3 g of amine-functionalized adsorbent and
then put into a glass beaker that was filled with approximately
30 mL of DI water. The beaker was then placed in the autoclave.
After sealing the autoclave, air or nitrogen gas was purged
through the autoclave for 2 h. The autoclave was then sealed
and heated to the desired temperature (106-180 °C) and kept
at the desired temperature for 24 h. The steam pressure inside
the autoclave was autogenous and monitored by a pressure
transducer. When the autoclave was opened after cooling down
to room temperature, no liquid water was observed to have
accumulated in the sample tube, suggesting the solids were
contacted with water vapor only and not liquid water. The
samples were then transferred to a vacuum oven and dried at
90 °C overnight before further characterization. After steam
treatment, the samples were further designated by their treat-
ment temperature and atmosphere. For example, MCF-PEI-106-
Air corresponds with the MCF-PEI sample treated at 106 °C in
steam/air.

Characterization Methods. Pore characteristics of the bare
silica support and the amine-functionalized adsorbents were
assessed via nitrogen physisorption analysis at 77 K using a
Micromeritics ASAP 2010 after drying adsorbents under vacuum
at 90 °C overnight. The scanning electron microscopy (SEM)
images of MCF samples were obtained using a Hitachi S800
SEM instrument. The amine loadings were determined by TGA
using a Netzsch STA409. Total organic loading was estimated
as the weight percentage loss from 160 to 760 °C under air
atmosphere, and the results were further normalized by assum-
ing all the organic content was combusted upon reaching 760
°C. FT-IR spectroscopy using KBr pellets and FT-Raman spec-
troscopy on the powders were obtained on a Bruker Vertex 80v
optical bench with a RAMII Raman module.

CO2 Capacity Measurement under Anhydrous Conditions.
CO2 adsorption measurements were performed using a com-
puter controlled TGA Q500 from TA Instruments. The adsorp-
tion temperature was set at 45 °C and the adsorption time was
set for 3 h for all adsorbents. A mixed gas consisting of 10%
CO2 in argon was used as the test gas. The weight difference
before and after introducing the CO2 mixture gas was used to
calculate the CO2 capacity. The regeneration of adsorbents was
performed at 110 °C under dry nitrogen for 3 h.

RESULTS AND DISCUSSION
Steam Stability of MCF. MCF is known to be an

amorphous silica with well-defined, uniform spherical pores
(typically 20-45 nm) (69) that are interconnected by cylin-
drical windows (8-25 nm), resulting in a highly porous solid
with thin walls and high BET surface areas (70, 71). Further-
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more, the 3-D mesopores in MCF are substantially larger
than those of ordered mesoporous silica, such as SBA-15 (72)
and MCM-41 (73). These properties of MCF may provide
more favorable conditions for mass diffusion. Therefore,
MCF was chosen as the substrate to prepare amine-
functionalized adsorbents for this work. Although the
stability of typical mesoporous silica substrates (e.g., SBA-
15 and MCM-41) has been studied under hydrothermal
conditions (74-79), the stability of MCF in steam is not yet
well understood.

In this study, an autoclave was first used to treat bare MCF
(free of organic content) at various temperatures in a steam/

air atmosphere and the morphology and microstructure
changes of the samples were assessed after the treatment.
The nitrogen physisorption results are summarized in Table
1. As listed in the table, the calcined MCF showed a BET
surface area of 615 m2/g, an average pore volume of 2.64
cm3/g, and average window and cell diameters of 12 and
50 nm. After the steaming treatment, the pore size and
window size increased and the BET surface area and pore
volume decreased, indicating the mesoporous structure of
the silica substrate was not fully stable under these steaming
conditions. Moreover, increased microstructural change of
the MCF was observed with increasing treatment tempera-
tures. After treating the MCF at 120 °C in steam/air, the BET
surface area and pore volume of the MCF sample decreased
to about 50% of the values of the original calcined sample.

Scheme 1. Synthetic Approaches to Prepare Various Amine-Functionalized Silica Mesocellular Foam (MCF)
Materials: Top, Class 1 Adsorbent; Middle, Class 3 Adsorbent; Bottom, Class 2 Adsorbents

Scheme 2. Schematic Configuration of the Steam
Treatment Apparatus

Table 1. Nitrogen Physisorption Characterization of
the MCF after Treatment in Steam/Air at Various
Temperatures
treatment temperature calcined 106 °C 112 °C 120 °C 180 °C

SABET (m2/g) 615 506 342 182 47
dcell (nm) 50 50 50 80
dwindow (nm) 12 13 15 26
Vpore (cm3/g) 2.64 2.42 2.33 1.46 0.21
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Furthermore, the microstructure of the MCF appeared to
have almost completely collapsed after steam/air treatment
at 180 °C.

The structural collapse of the MCF can be visually ob-
served in SEM images, as shown in Figure 1. The calcined
MCF particles were mostly spherical. The collapse of their
spherical shape was found after treatment at 120 °C. Further
collapse was observed after treatment at 180 °C. It should
be noted that there is one other study of the steam stability
of MCF materials reported in the literature. In that work,
Zhao and co-workers heated the MCF sample to 600-800
°C in a tube furnace while flowing water was simultaneously
introduced to the quartz tube by connection of a heated flask
containing deionized water. The treatment continued for
3-12 h at approximately atmospheric pressure (69). This
produced conditions with a low steam partial pressure and
very high temperature, conditions different from what was
used here.

As the goal of our work is to estimate the steam-stability
of supported amine adsorbent materials upon prolonged
exposure to steam and steam/oxygen, we sought to use
much harsher conditions to accelerate any chemical changes
that might be induced by exposure to steam/nitrogen or
steam/air in a real postcombustion separation process. To
this end, we used higher pressures of steam (10 bar for 180

°C steam treatment) than Zhao (<1 bar), while working in
the temperature regime that is relevant to use of supported
amine materials in hypothetical postcombustion CO2 cap-
ture processes (100-200 °C).

The poor structural stability of the MCF may be inherent
to its structure, as it has a high BET surface area and
relatively thin walls, compared to some common ordered
mesoporous silicas (SBA-15, MCM-41) or commercial silica
supports.

Stability of Amine-Based MCF under Steam
Treatment. On the basis of the the above results from
treatment of the MCF substrate alone, the focus of the
studies directed at the effect of temperature during steam
treatments of the supported amine adsorbents was set to
the temperature range of 106-120 °C. However, to inves-
tigate the effect of oxygen with steam on the stability of the
MCF-supported amine adsorbents, all three classes of ad-
sorbents were treated under steam/air under a wider tem-
perature range (106-180 °C). The organic content, physical
properties, CO2 adsorption capacity, and change in the
amine groups of the adsorbents before and after the steam
treatment are described below.

Figure 2 compares the apparent organic content of the
adsorbents, as estimated by TGA, before and after steam

FIGURE 1. SEM images of MCF substrate particles before and after steam/air treatment at various temperatures (a) calcined; (b) steam treatment
at 106 °C; (c) steam treatment at 120 °C; (d) steam treatment at 180 °C.
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treatments. As noted above, the “apparent” organic content
was estimated by the weight loss in the 160-760 °C region.
An apparent loss of organic content can be associated with
less organic in the material after treatment, or a loss of other
species, such as firmly bound water, that might be expelled
from the support in the same temperature region. Such a
water loss is expected to be small, if it is present at all.

In both air and nitrogen atmospheres, the organic content
decreased slowly with increasing steam treatment temper-
ature below 160 °C, and a large loss of organic content was
further observed after steam/air treatment at 180 °C for all
the adsorbents except MCF-Mono. This result suggests that
MCF-Mono is more stable than the other three adsorbents
under the present steam treatment conditions, showing
exceptional stability at high temperatures upon exposure to
air. Furthermore, at the same steam treatment temperature,
the apparent organic content loss of the adsorbents after
steam/air treatment was higher than after steam/nitrogen
treatment, likely due to amine oxidation associated with the
oxygen in the air.

To further understand the effect of steam treatment on
the stability of the adsorbents, the CO2 capacities of the three
classes of adsorbents were measured using TGA with 10%
CO2 balanced by argon at 45 °C. The average capacities
(mmol CO2/g adsorbent) of the adsorbents over 3 cycles are

summarized in Table 2. For class 1 and 2 adsorbents, the
initial capacities of the as prepared samples were related to
the organic content, with higher organic (amine) loadings
leading to higher initial capacities. For the class 3 adsorbent,
a lower CO2 capacity than expected was achieved based on
past work on HAS materials (53). This observation may be
associated with several factors, including the measurement
of dry capacities by TGA (dry capacities are routinely lower
for supported amine materials compared to humid capaci-
ties) and use of a different substrate compared to past work
(MCF vs SBA-15). After treating the adsorbents under both
steam/air and steam/nitrogen conditions, the capacity of all
four adsorbents decreased. Surprisingly, the capacity of all
the adsorbents decreased even after treatment under the
mildest conditions, in steam/nitrogen atmosphere at 106 °C.
This indicates that exposure of these adsorbents to steam
under very mild conditions, in an inert gas atmosphere, can
lead to degradation of the adsorbents.

The amount of CO2 adsorption capacity lost increased
with increasing treatment temperature for all three classes
of adsorbents, demonstrating the expected temperature
effect of the steaming conditions on the capacity of the
amine based adsorbents. Furthermore, the capacity loss of
the adsorbents after treatment under steam/air conditions
was always higher than after treatment under steam/
nitrogen conditions at the same treatment temperature,
demonstrating that the oxidation of the amine groups may
also play a role under these conditions. For example, the
capacity of the MCF-PEI adsorbent decreased from 1.26
mmol CO2/g adsorbent to 0.91, 0.81, and 0.32 mmol CO2/g
adsorbent after treatment in steam/air at 106, 112, and 120
°C respectively, and 1.03, 0.95, and 0.82 mmol CO2/g
adsorbent after treatment in steam/nitrogen at 106, 112,
120 °C. Interestingly, although the initial CO2 capacity of the
MCF-HAS adsorbents was relatively low compared to the
other types of adsorbents, it appeared to be the least
affected, with the capacity remaining almost the same after
steam/nitrogen treatment and only becoming slightly de-
creased after steam/air treatment up to 120 °C.

The data suggest there may be some stability advantage
to use of adsorbents containing polymeric amines. As noted
above, the MCF-HAS material showed little capacity loss after
steam treatments. In addition, the MCF-PEI had a similar

Table 2. Comparison of CO2 Capacity (mmol CO2/g adsorbent) of Various Amine-Functionalized MCF
Materials after Treatment under Steam/Air and Steam/Nitrogen at Various Temperature

organic loading (wt %)
initial CO2 capacitya

(mmol CO2/g adsorbent) treatment atmosphere

CO2 capacity after treatment (mmol CO2/g adsorbent)

106 °Cb 112 °Cb 120 °Cb

MCF-PEI 26.9 1.26 air 0.91 0.81 0.32
nitrogen 1.03 0.95 0.82

MCF-Mono 14.8 0.78 air 0.39 0.33 0.22
nitrogen 0.56 0.46 0.35

MCF-DMA 24.8 1.25 air 0.62 0.42 0.18
nitrogen 0.82 0.74 0.48

MCF-HAS 25.4 0.47 air 0.41 0.40 0.39
nitrogen 0.44 0.42 0.39

a Capacity without steam treatments. b Treatment temperature.

FIGURE 2. Comparison of organic content of amine-functionalized
MCF before/after steam treatment under different atmospheres at
various temperatures, as estimated by TGA.
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initial capacity to the MCF-DMA adsorbent before steam
treatment, but the MCF-PEI adsorbent showed a higher final
CO2 capacity after the steam treatments compared to the
other two classes of adsorbents used in this study. The higher
stability of the MCF-HAS and MCF-PEI sorbents after steam
treatment suggests the potential for improved stability of
PEI-containing materials in real steam stripping applications.

Finally, it should be noted that the CO2 capacities of the
all the adsorbents before and after treatment are relatively
low compared to values reported in the literature (7, 54). This
is associated with several factors, including (i) temperature,
as the adsorption is carried out here at 45 °C instead of the
typical 25 °C or room temperature; (ii) humidity, as the
capacities were measured under dry conditions, with hu-
midity always increasing CO2 capacities with supported
amine adsorbents; and (iii) equilibration time, as complete
saturation may not be achieved for all adsorbents after 3 h
of adsorption in TGA mode.

The decrease of the capacity of the adsorbents after
various steam treatments may be associated with two
primary causes. One is the collapse or destruction of the
mesoporous structure of the substrate during steam treat-
ment, and the other is chemical changes of the amine
functional group associated with oxidation or other reactions
during the steam treatment conditions. A third cause, loss
of amine groups because of leaching of amines (53) via
hydrolysis of substrate-organic bonds is not expected to play
a large role in this case, as the steam treatment process is a
batch process and there is thus minimal means to remove
the organic species from the substrate. There is no washing,
filtration, or other solid recovery process involved that would
lead to significant loss of detached amines from the solid

materials. Nonetheless, some minor amount of organic
species may be lost by this mode, and such losses may
account for the small weight changes described in Figure 1
after treatment at low temperatures in steam/nitrogen.
Alternately, the observed minor loss of organic content
under those conditions may in fact not be a loss of organic
weight, and may instead reflect a decrease of other volatile
species that might be lost in the 160-760 °C range during
TGA experiments (e.g., water).

To address the potential for loss of CO2 adsorption
capacity due to microstructural changes of the substrate, we
assessed all the adsorbents after the various steam treat-
ments by nitrogen physisorption, and the results are sum-
marized in Table 3. Cell and window pore size distributions
were calculated using the Broekhoff-de Boer method with
the Frenkel-Halsey-Hill (BdB-FHH) modification (80). As
shown in Table 3, the BET surface areas and pore volumes
of the as-synthesized amine-functionalized adsorbents were
all lower compared to those of their counterpart bare MCF
materials (Table 1), confirming the occupation of the meso-
pores in MCF by organic amine groups. Furthermore, after
treatment of the adsorbents under various steaming condi-
tions, it is evident in all cases that some microstructural
destruction occurred, as denoted by the significant loss in
BET surface area and pore volume, even under the mildest
conditions. As expected, the loss in porosity became more
significant as the steaming temperature was increased. For
example, the as-prepared MCF-Mono adsorbent had a BET
surface area of 289 m2/g, an average pore volume of 1.85
cm3/g, and average window and cell diameters of 12 and
49 nm. After treatment of the sample at 106 °C under
steam/air conditions, the average window and cell diameter

Table 3. Comparison of Characterization by Physisorpton of the Amine-Functionalized MCF at Various Steam
Treatment Conditions: (a) MCF-PEI, (b) MCF-HAS, (c) MCF-DMA, and (d) MCF-Mono

steam/air steam/nitrogen

fresh sorbent 106 °C 112 °C 120 °C 106 °C 112 °C 120 °C

(A) MCF-PEI
SABET (m2/g) 201 72 62 18 76 58 26
dcell (nm) 45 52 58 53 60
dwindow (nm) 12 23 26 23 26
Vpore (cm3/g) 1.54 0.58 0.37 0.06 0.73 0.42 0.13

(B) MCF-Mono
SABET (m2/g) 289 84 74 56 98 73 54
dcell (nm) 49 52 90 49 95
dwindow (nm) 12 24 28 21 30
Vpore (cm3/g) 1.85 0.62 0.38 0.04 0.86 0.63 0.25

(C) MCF-DMA
SABET (m2/g) 183 78 55 46 142 103 62
dcell (nm) 35 39 42 60 42 45 56
dwindow (nm) 12 14 14 15 15 15 20
Vpore (cm3/g) 1.21 0.36 0.21 0.15 0.91 0.46 0.35

(D) MCF-HAS
SABET (m2/g) 229 147 136 60 135 100 95
dcell (nm) 48 53 58 57 52 60 60
dwindow (nm) 12 20 24 23 23 25 25
Vpore (cm3/g) 1.49 1.13 0.84 0.35 1.19 0.94 0.88

A
R
T
IC

LE

3368 VOL. 2 • NO. 11 • 3363–3372 • 2010 Li et al. www.acsami.org



increased to 24 and 52 nm, resulting in lower BET surface
area (84 m2/g) and smaller average pore volume (0.62 cm3/
g). The physisorption results on the bare MCF (Table 1) and
various amine-functionalized MCF materials (Table 3) all
support the hypothesis that treatment under steaming con-
ditions resulted in significant degradation of the porosity of
the substrate, leading to lower surface areas and pore
volumes. This might be expected to result in a loss of
accessible amine groups in the adsorbents, resulting in de-
creased CO2 capacities after steaming. For the destruction of
the MCF substrate, a similar trend of microstructure change
was observed under both steam/air and steam/nitrogen condi-
tions, indicating the oxygen present in air does not change the
steam stability of the MCF substrate itself during steam treat-
ment to a large extent, as expected. Furthermore, it is note-
worthy that the porosity of the MCF-HAS sample was least
affected by the treatments, again suggesting that the structure
of this material, having aminopolymer covalently bound to the
solid substrate, may serve to stabilize and protect the support
during the treatments.

FTIR and FT-Raman spectroscopy measurements were
carried out on the adsorbent materials before and after
steam treatment to assess chemical changes in the surface
functional groups. While the Raman spectra of the as
synthesized and steam treated samples showed no distinct
differences (Figure 3), the FTIR spectra for all samples

treated in steam/air except for the MCF-Mono clearly showed
the appearance of a new carbonyl stretch at 1710 cm-1

(Figure 4). This may be due to reaction with CO2 or O2 from
ambient air. Drage et al. reported the formation of urea
linkages when PEI impregnated adsorbents were exposed
to pure CO2 at temperatures greater than 135 °C under dry
conditions (15). More recently, Sayari and co-workers re-
ported the formation of urea linkages when monoamine and
triamine grafted (class 2) as well as PEI impregnated (class
1) pore expanded MCM-41 materials were exposed to pure
CO2 under dry conditions (81). Urea formation was, how-
ever, not detected when the runs were carried out in the
presence of water vapor. Recently, Bacsik et al. (82) also
reported the carbonyl stretch at 1701 cm-1 in FTIR spectra
as evidence of formation of carbamic acid groups associated
with the reaction between amines and CO2. However, in the
case of the materials here, signals from adsorbed CO2 would
be expected to be strongest using the primary amine-
containing sample MCF-Mono, as primary amines have the
highest heat of adsorption with CO2 and thus should extract
the most CO2 from the air, whereas in this work there was
no peak at 1710 cm-1 associated with the MCF-Mono
sample. Thus, it is not expected that this peak is primarily
associated with CO2 adsorption. Based on these 3 reports,
we might expect to see carbonyl groups appearing only after
treatment under dry conditions. Because in this study the

FIGURE 3. Comparison of FT-Raman spectra of various supported amine-based adsorbent before and after treatment in steam/air and steam/
nitrogen at 120 °C.
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carbonyl stretch can be observed for samples treated in the
presence of steam and in the presence of parts per million
level concentrations of CO2 (distinct from the dry conditions
used and exposure to concentrated CO2 in the case of Drage
and Sayari’s reports 15, 81), it is more likely that this
structural change of the surface functional groups on expo-
sure to steam/air was a result of oxidative degradation.
Furthermore, in support of this, the samples treated under
steam/N2 do not show any significant change in IR/Raman
spectroscopic signatures. Nonetheless, the formation of
carbonyl groups after treatment in air due to extraction of
CO2 from the ambient air cannot be formally ruled out, as
there is excess CO2 in the air contained inside the autoclave
relative to the total amine content.

Also noteworthy is the C-H stretching region in the FT-
Raman spectra (Figure 3). In all the spectra, the C-H
stretching peaks in the 2800-3000 cm-1 range from all the
adsorbents showed essentially no change after the steam
treatments, indicating that the CH2 groups were stable in
both steam/air and steam/nitrogen conditions up to 120 °C.
This result is consistent with the nearly constant organic
content of all four adsorbents before and after steam treat-
ment, as estimated by TGA measurements (Figure 2), be-
cause the carbon and hydrogen are main elements in the
amine-based adsorbents, and no significant changes in
organic content were observed after steam treatments in
either air or nitrogen atmospheres in that temperature range

(Figure 2). This might suggest that the slight hypothetical
organic loss in the 100-120 °C range may not be a loss of
organic content and instead a decrease in the amount of
another volatile species such as water after the various
treatments (vide supra).

CONCLUSIONS
Four amine-functionalized MCF adsorbents belonging to

the three classes of solid amine CO2 adsorbents were
prepared and treated in both steam/air and steam/nitrogen
conditions in an autoclave apparatus at various temperatures
(106-180 °C) for 24 h. The apparent organic content and
CO2 capacity of the adsorbents decreased after steam treat-
ment under both air and nitrogen atmospheres at the highest
treatment temperatures. All samples showed a loss in CO2

adsorption capacity after treatments at all temperatures,
with the loss being higher at higher temperatures and with
exposure to air. However, the bare support showed a
significant loss in porosity and surface area after treatment
in steam under all conditions as well. Thus, the loss in CO2

capacity was associated with two independent factors (i)
structural collapse of the thin-walled mesocellular foam silica
supports and (ii) amine degradation due to exposure to
steam and/or oxygen, and the two factors cannot be rigor-
ously assessed independently based on the results of this
first of its kind study. The extent and ubiquity of the
structural collapse of the supports may suggest that this

FIGURE 4. Comparison of FT-IR of various supported amine-based adsorbent before and after treatment in steam/air and steam/nitrogen at
120 °C.
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factor played the major role in the loss of capacity after the
treatments, although further studies are needed to confirm
this conjecture. Indeed, a previous report of steam-stripping
regeneration of supported amine adsorbents suggested that
such materials were stable under steaming for short periods
at 105 °C. However, most of the materials in that previous
report were based on a different substrate, with the one
example of an MCF support being akin to the most stable
material reported here, MCF-HAS. This result is consistent
with structural collapse playing the primary role in the
capacity loss observed here after steam treatments. Clearly,
however, oxygen from air can have some adverse effect, as
in all cases the steam/nitrogen treatment had less impact
on the CO2 capacity than the steam/air treatment.

It is noteworthy that the MCF-PEI and MCF-HAS adsor-
bents showed better capacity stability compared to MCF-
Mono and MCF-DMA adsorbents in both steam treatment
conditions, with the MCF-DMA being the most affected. The
overall steam stability ranking of the four adsorbents is:
MCF-HAS > MCF-PEI > MCF-Mono > MCF-DMA under both
steam/nitrogen and steam/air conditions. The results re-
ported here provide a preliminary investigation of the steam
stability of various supported amine adsorbents, and ad-
ditional investigations are needed to decouple the impact of
support stability and amine degradation, as well as to further
assess the potential for practical application of steam strip-
ping as a regeneration method of solid amine CO2 adsor-
bents. Undoubtedly, oxide supports that are robust to steam-
ing conditions are required for routine steam-stripping
regeneration of supported amine adsorbents.
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