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Abstract: A new strategy to synthesize
a highly efficient CO, capturer by in-
corporating  tetraethylenepentamine
(TEPA) into as-synthesized MCM-41
(AM) is reported. The amine guest can
be distributed in the micelle of the sup-

ferent amount or type of surfactant are
employed as supports to investigate the
influence of micelles on the CO, ad-
sorption, and the spokelike structure of
the micelle in the channel of the sup-
port is proven to be essential to the dis-

tribution of guest amine. Among these
supports, the AM sample is the most
competitive due to the advantages of
energy and time saving in preparation
of the support along with the resulting
higher CO, adsorption capacity. At the

port, forming a web within the meso-
pore to trap CO, molecules and result-
ing in a high adsorption capacity for
CO, up to 237 mgg~'. Four samples of
the as-synthesized MCM-41 with a dif-

carbon

Introduction

Carbon dioxide is one of the greenhouse gases that causes
global warming and its concentration has increased by
90 ppm (480 billion tons) in about 200 years since 1800.
Rather, it has increased recently by about 1.5 ppm (8 billion
tons) per year.!"? Therefore, how to control carbon dioxide
emission and, more importantly, how to use this greenhouse
gas as a carbon resource to produce fine chemicals and ma-
terials has become an urgent global issue.> However, one
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optimal loading of 50 wt% TEPA, the
AM-50 sample exhibits a high adsorp-
tion capacity of 183 mgg™! in the sixth
adsorption cycle at 5% CO, concentra-
tion.

amines
mesoporous

of the barriers for CO, sequestration or utilization is the
high cost of CO, capture, separation, and purification;"l
hence, it is necessary to prepare novel efficient adsorbents
to capture CO, in the environment at low cost. To overcome
the drawbacks of amine aqueous solutions, in which the con-
centration of amine in the aqueous phase is limited due to
viscosity and foaming issues, solid adsorbents have earned
much attention. Apart from the efforts in preparing solid
adsorbents, such as zeolites and hydrotalcite,® introducing
amines into porous supports like silica gel or carbon is a fea-
sible method.”*!

In general, there are two ways to introduce amine into
the solid supports. One is to graft amine groups on the sup-
port surface and the other is to load amines through impreg-
nation. Three methods can be used for the grafting of
amine: postsynthesis grafting,™'”! direct synthesis by co-con-
densation,™ and anionic template synthesis with the help of
the interaction between the cation head in monoaminosilane
and anionic surfactants.'” For the removal of CO,, grafting
amine onto silica through postsynthesis has been widely
used. Various kinds of silica, such as silica gel,”? MCM-41,0"%]
MCM-48," and SBA-15""""1 were employed as the sup-
port. In addition, different amines were grafted onto the sur-
face of the porous support to investigate the impact of
amine types on the CO, adsorption capacity of the resulting
composites. For example, Hiyoshi introduced three kinds of
amine into SBA-15 to study the influence of amine type on
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the CO, adsorption performance,!” and found an increased
adsorption capacity of 0.52, 0.87, and 1.10 mmolg™' in the
monoamino-, diamino-, and triamino-grafted SBA-15 sam-
ples, respectively. It is very likely that the resulting CO, ad-
sorption capacity of the composite is proportional to the
number of amine groups grafted in the porous adsorbent.
Usually, this type of adsorbent, which is obtained by grafting
of amine-containing alkoxysilanes onto the support surface,
has a relatively higher thermal stability and thus it can be
applied at high temperature. Furthermore, these amine
groups can be well distributed on the surface of the support
to exhibit a high efficiency for capture of CO,. However, a
problem with grafting amine onto solid supports is the limit-
ed quantity of amine retained on the support due to the lim-
ited density of surface silanol groups, which leads to a rela-
tively low CO, adsorptive capability of the resulting compo-
site. For instance, the CO, adsorption capacity observed on
the monoamine-grafted MCM-48 was only 1.14 mmolg~*.'4]

Unlike the grafting method in which the number of amine
guests introduced on the porous host is restricted, a larger
amount of amine can be loaded on the support by an im-
pregnation procedure. The final adsorption capacity for CO,
of adsorbents fabricated through impregnation depends
chiefly on the amount of amine loaded and the distribution
of the amine groups. For example, amine-MCM-41 compo-
sites with various loading amounts of polyethyleneimine
(PEI) exhibited different adsorptive capacities from 7.7 to
133 mgg™" at 348 K,'®¥] mirroring the fact that the amount
of amine loaded dominates the capacity for CO, adsorption.
To make a new support with larger pore volume to accom-
modate more amine groups, Sayari and co-workers used
pore-expanded mesoporous MCM-41 to host a greater
quantity of diethanolamine, which resulted in a CO, adsorp-
tion capacity of 2.65mmolg™ (116.6 mgg ).l As more
amines can be loaded on the support through impregnation,
the resulting composite has a larger CO, adsorption capacity
than the analogue obtained by grafting.'*?!! Nonetheless,
the distribution of the amine groups in the composite also
plays a significant role in the adsorption of CO,; the high
dispersion enables the amine to exhibit high accessibility,
hence more CO, can be captured by the composite in ad-
sorption procedures. The distribution of amine introduced
into the porous support by impregnation is inferior to that
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obtained by grafting, and the amine guest often conglomer-
ates in the host, which results in a relatively low efficiency
of amine in the adsorption of CO.,.

To load a large amount of amine on a porous material,
such as that with the impregnation procedure, and to keep it
well dispersed and distributed, similar to that by the grafting
method, we tried to utilize as-synthesized SBA-15 as the
support to load the amine through impregnation.” In the
as-synthesized SBA-15, the propylene oxide blocks of P123
are distributed within the pores of SBA-15 like branches,
while the ethylene oxide blocks are rooted within the frame-
work.??l The amine guest can be dispersed in the micelle
with a good accessibility towards CO,; therefore, the ob-
tained composites have a high CO, adsorption capacity of
173 mgg~" . To further pursue the higher efficiency in cap-
turing CO,, we chose the as-synthesized MCM-41 as a can-
didate, because MCM-41 possesses a narrower channel than
SBA-15 so that each gram of template-free MCM-41 can
contain more channels than SBA-15, which should be bene-
ficial for the dispersion of the loaded amine.

As-synthesized MCM-41, prepared with the direction of
cetyltrimethylammonium bromide (CTAB, ionic surfactant),
is different from as-synthesized SBA-15 in the distribution
of surfactant micelles occluded inside the pores. In general,
ionic surfactants have a stronger interaction with the silica
wall in comparison to the amphiphilic block copolymers in
SBA-15. As a result of this stronger interaction, CTAB dis-
perses in the channel of MCM-41 like the spokes in a wheel,
with the cation head rooted on the silica wall. In addition,
less space remains in the as-synthesized MCM-41 between
the silica wall and the template than that in as-synthesized
SBA-15. On the other hand, the hydrophobicity of CTAB
carbon tails can enable the additives, such as amine or ben-
zene, to be incorporated easily into the micelle.**! With
this function, surfactant-containing MCM-41 has been tested
in the adsorption of organics from solution or a gas
flow.”*?”! Some questions arise from these known facts. Can
tetraethylenepentamine (TEPA) be incorporated into the
micelle of as-synthesized MCM-41, too? What is the influ-
ence of the micelle on the TEPA distribution and the suc-
ceeding CO, adsorption? Here, we try to answer these quer-
ies by utilizing the micelles in the as-synthesized MCM-41
to disperse amine for the first time, directly introducing
TEPA into the MCM-41 to coat the micelles and to develop
an efficient CO, capturer. In addition, various kinds of
MCM-41 sample with different amounts or type of surfac-
tant remaining within the channel have been used as sup-
ports for a deeper understanding of amine distribution in
the surfactant micelles and, more importantly, for investigat-
ing the influence of micelles on the final CO, capture capa-
bility of the obtained composites.

Results and Discussion

Textural properties of the amine-MCM-41 composites:
Figure 1 and Table 1 present the nitrogen adsorption data of
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as-synthesized MCM-41 and the TEPA-modified analogues.
Three porous supports of MCM-41 occluded with template
are employed, termed AM, EM, and PM. All CTAB tem-
plates are reserved in the AM sample, while part of the tem-
plate in the EM sample is extracted with ethanol. For the
PM sample, its synthesis used trimethylbenzene (TMB) as
swelling agent and the obtained sample is extracted to
remove TMB but the CTAB remains. As seen from the N,
adsorption isotherms (Figure 1), the three samples occluded
with template do not exhibit the typical condensation steps
of MCM-41 at the relative pressure p/p, of 0.3. There is no
accessible primary mesopore formed during the water-wash-
ing process because of the strong electrostatic forces be-
tween the CTAB template and silica wall, which differs
from that of SBA-15 occluded with template where 63 % of
the total pore volume was free after water washing.*!}
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Figure 1. Nitrogen adsorption—desorption isotherms of a) PM, b) EM,
c) AM, d) EM-50, e) CM, and f) CM-50 samples.

Table 1. Textural properties of supports and the amine-modified MCM-
41 composites.

Sample Spert [m?g™!] VPl em®g ]
CM 1342 1.01

AM 16 0.03

EM 45 0.08

PM 76 0.36

EM-50 1.5 0.002

CM-50 7.8 0.01

[a] Brunauer—-Emmett-Teller (BET) surface area. [b] Pore volume.
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Occupation of the channel in the mesoporous silica by the
CTAB template results in the absence of MCM-41 conden-
sation steps in the N, adsorption isotherms. Nonetheless, the
AM sample gives a hysteresis loop at relative pressure p/
Po>0.8 and exhibits a small surface area (16 m*g~') and
pore volume (0.03 cm®>g™"). Sample EM also presents a hys-
teresis loop at relative pressure p/p,>0.8, slightly larger
than that of AM, owing to the partial removal of the CTAB
template. Likewise, the EM sample has a relatively larger
surface area (45 m?g™") and pore volume (0.08 cm’g™!). As a
template-free sample, CM exhibits the typical N, adsorption
isotherms of MCM-41, and its surface area and pore volume
are enlarged to 1342m?g ! and 1.01 cm®g”!, respectively.
With the same amounts of template occluded in the meso-
pore as that in the AM sample, the PM sample does not
show the typical MCM-41 condensation steps in the N, ad-
sorption isotherms either. However, it exhibits a larger hys-
teresis loop than AM in the range of relative pressure p/p,=
0.6-1.0, due to the removal of TMB which congregates in
the core of the CTAB micelle. The surface area of PM en-
larges slightly to 76 m?>g~! while its pore volume achieves
0.36 cm®g™!, both larger than those of the AM sample. After
loading 50 wt % TEPA, the N, adsorption isotherms of sam-
ples CM and EM become linear (curves d and f in Figure 1);
meanwhile, both the surface area and the pore volume de-
crease distinctly. For instance, the pore volume of the CM
sample is lowered from 1.01 (CM) to 0.01 cm®g~!(CM-50).

These phenomena demonstrate the occupation of the
pore in the support by the amine guest. In addition, as is
evident from the X-ray diffraction (XRD) patterns (samp-
les e and f in Figure 2), the reflection intensities of the CM-
50 sample diminish, which coincides with the report on
MCM-41-loaded PEI"®" and SBA-15 modified with
TEPA.?'" It is known that the reflection intensities are relat-
ed to the degree of pore filling and the scattering contrast
between the pore walls and the inside of the pores.”*™"
Hence, the loss of scattering intensity indicates a loss of
scattering contrast, which is caused by the incorporation of
TEPA into the channels of the support.

As illustrated in Figure 1 and Table 1, there is no meso-
pore in the AM support, and thus the space available for
the encapsulation of TEPA is very limited. However, the
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Figure 2. XRD patterns of MCM-41 samples. a) AM, b) AM-50, c) EM,
d) EM-50, ) CM, f) CM-50, g) DM, and h) DM-50.
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composite derived from AM is a
different from the others pre-
pared through impregnating
TEPA on nonporous supports,
such as quartz. As reported in
the literature,” when porous
materials were used as sup-
ports, the texture of the result-
ing materials changed from a
free-flowing powder to an ag-
glomerated powder when the
amine loading exceeded the
pore saturation and the addi-
tional guests were deposited
on the external surface of the
adsorbent. The amine—quartz
composite became viscous or
gel-like and conglomerated to-
gether, even when only
10 wt % TEPA was loaded.

Figure 3 depicts the morphology of various amine-con-
taining composites consisting of 50 wt % TEPA. Due to the
lack of pores to accommodate amine molecules and the
small surface area, the quartz sample mixed with TEPA
gave a gel-like composite (sample a in Figure 3). Despite the
larger surface area than that of quartz, NaA and KA zeo-
lites also form gels with the amine, the reason being their
small pore opening (0.4 nm for NaA and 0.3 nm for KA zeo-
lites). TEPA hardly enters the pores of NaA and KA, and
therefore it has to be loaded on the external surface, so the
texture of these three samples prepared from quartz, NaA,
and KA is similar. Contrarily, NaY zeolite has an aperture
of 0.74 nm, which allows the amine to enter freely, and
therefore the texture of the resulting amine-zeolite compo-
site is a powder instead of a gel (sample d in Figure 3).
When the mesoporous material CM, template-free MCM-
41, was utilized as the support, the texture of the resulting
composite was a powder (sample f in Figure 3), similar to
that of amine-NaY zeolite. This is expected because the
larger pore diameter and pore volume of MCM-41 enable
more guests to be accommodated in the channel much more
easily. Sample e in Figure 3 is the composite derived from
AM, the as-synthesized MCM-41, and it is clearly a well-
separated powder even when 50wt% TEPA is loaded.
Based on these comparisons, it is safe to conclude that the
TEPA guest ought to be mainly located inside the palisade
of the as-synthesized MCM-41 host; otherwise, the resulting
composite should have a gel-like morphology, although the
available data do not allow a detailed discussion of the
amine distribution.

In the channel of the AM sample, the charged head group
of the micelle interacts with the siliceous wall through elec-
trostatic interaction and the hydrophobic carbon chain is
well distributed in the pore of MCM-41. Even so, organic
molecules can still be adsorbed by a process often termed
“adsolubilization”.’® There are two ways of solving the
guest molecule into the surfactant micelles.**?) One is solu-
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Figure 3. Morphology of the amine composites prepared based on a) quartz, b) KA zeolite, c) NaA zeolite,
d) NaY zeolite, e) AM, and f) CM loaded with 50 wt % TEPA.

bilization in the palisade layer of the micelle, from which
the guest molecules penetrate into the surfactant palisade
layer and have little influence on the micellar diameter. The
other is dissolution in the core of the micelle, in which the
guest molecules conglomerate and expand the volume of
the micelles. Polar molecules, such as alkylamine and alkyl
alcohol, dissolve in the palisade of the micelle, whereas non-
polar molecules, such as TMB, dissolve in the core of the
micelle as a swelling agent to enlarge the pores of mesopo-
rous silica. As a polar molecule, TEPA is well dissolved in
ethanol. However, in the process of solvent evaporation,
TEPA transfers from solution to the palisade of the CTAB
micelle and distributes in the as-synthesized MCM-41, but
does not enlarge the micelle.’** The XRD patterns of the
TEPA-modified as-synthesized MCM-41 sample are close to
that of the host itself, except for the decrease in reflection
intensities (Figure 2), which indicates the insertion of TEPA
inside the pore of the host.

Figure 4 depicts the thermogravimetry (TG) curves of
AM and AM-50 samples; the former shows three weight
losses, which is in good agreement with the literature.’” Re-
moval of physically adsorbed water and CO, is observed
below 150°C; the weight loss between 150 and 250°C is as-
signed to Hofmann elimination of trimethylamine in the
CTAB template, which leads to a hydrocarbon chain re-
maining in the porous support. The third weight loss in the
range of 250-350°C originates from a carbon-chain fragmen-
tation accompanied by oxidation processes. After encapsula-
tion of TEPA (50 wt%) in the AM sample, the resulting
composite exhibits three weight losses of 15, 18, and
40 wt %, respectively. Physically adsorbed water and CO,
are removed from the composite below 140°C, giving a
weight loss of 15wt %; decomposition of the template via
Hofmann degradation occurs between 140 and 200°C, as the
base (TEPA) facilitates the elimination of the trimethyl-
amine head group.® The third weight loss begins around
200°C and reaches a maximum near 400°C; this loss of

3445

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

J.H. Zhu, Y. Wang et al.

A EUROPEAN JOURNAL

40 wt% results from a successive carbon-chain (residue of
CTAB and TEPA) fragmentation or decomposition with ox-
idation reactions. FTIR measurements further confirm the
incorporation of the TEPA guest in the AM-50 sample
(Figure 5); the appearance of additional peaks around 1582
and 1302 cm ™! indicates the presence of amine groups in the
AM-50 sample.
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Figure 4. TG curves of a) AM and b) AM-50 heated at a rate of 10°C
min~' from 35 to 600°C.
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Figure 5. IR spectra of a) AM-50, b) AM, and c) TEPA itself.

In addition, the elemental analysis results for AM
(Table 2) before and after modification with TEPA provide
further proof of the incorporation of TEPA in the MCM-41
occluded with template. The C/N molar ratio of the AM
sample, calculated from the data for elemental analysis, is
19.1, in agreement with the value for CTAB (19). After
modification with TEPA, the C/N molar ratio of the AM-50
sample significantly decreases to 2.92, due to the incorpora-
tion of TEPA whose C/N ratio is very low (1.6). Similarly,
the C/N molar ratio of the DM sample, the as-synthesized
MCM-41 sample occluded with the template dodecyltrime-
thylammonium bromide (DTAB), decreases from 14.87 to
2.43 after loading 40 wt% TEPA on the support (DM-40).
The decrease of the C/N molar ratio of the sample after
modification with TEPA means the introduction of amines
into the composite. In addition, the molar ratio of TEPA/
template can be calculated from the elemental N weight per-
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centage variation before and after modification by TEPA,
and is shown in Table 2.

Table 2. Elemental analysis and the calculated TEPA/template molar
ratio of the amine-modified MCM-41 composites.

Support AM AM-50 DM DM-40
C[wt%] 34.75 44.93 32.63 38.26
H [wt%] 7.61 10.97 6.07 8.13
N [wt%] 212 17.93 2.43 14.87
TEPA/template!®! - 3.18 - 1.84

[a] The molar ratio of TEPA/template was calculated from the elemen-
tal N weight-percentage variation before and after modification by
TEPA. In samples AM-50 and DM-40, the molar ratios were calculated
as TEPA/CTAB=[(17.93-2.12x0.5)/5]/(2.12x0.5)=3.18 and TEPA/
DTAB =[(14.87-2.43x0.6)/5]/(2.43x0.6) = 1.84, respectively.

Adsorption of CO, by the amine-MCM-41 composites:
Figure 6 displays the CO, temperature-programmed desorp-
tion (TPD) profile of AM-n samples that are loaded with
different amounts of amine. Only a small amount of CO, is
desorbed from the AM sample, which means that the CO,
adsorption capacity of AM itself is very low. As the amount
of TEPA loaded increases, the CO, TPD peak grows in the
profile and the peak maximum shifts to a higher tempera-
ture, indicating the larger capacity and the stronger adsorp-
tion of CO, on the amine-modified composites. By the way,
most of the trapped CO, can be desorbed from the sample
at 100°C, thus facilitating the regeneration and recycle capa-
bility of the adsorbents.

Intensity / a. u.

b
100 —

-—35 50 75
Ti°C
Figure 6. CO, TPD profile of AM-n samples performed at a rate of 2.5°C
min~' from 35 to 100°C and held at 100°C for 0.5 h. The weight percent-
age of TEPA in the composite was a) 0, b) 10, c) 30, d) 40, e) 50, and
f) 60 wt %.

Figure 7 demonstrates the TG-differential scanning calo-
rimetry (DSC) curves of the AM-50 sample for CO, ad-
sorbed at 75°C. The weight of the AM-50 composite dra-
matically increases to 110 % of the original value after expo-
sure to CO, for 1.5 min, while the DSC curve shows an exo-
thermic peak (1.82 mWmg™') at the same time. After anoth-
er 5 min of exposure to CO,, the weight of the sample rises
to 118 % in comparison with its original data. When the ad-
sorption time is prolonged to 140 min, the weight of the
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sample slowly increases to 119.8% of the original value.
These results mean that this composite can reach half of its
adsorption capacity within 1.5 min and the corresponding
adsorption rate is 67 mgg 'min~'. Nevertheless, the adsorp-
tion rate of AM-50 declines to 16 mgg'min~" in the subse-
quent 5 min and the remaining 40% of the adsorption by
this composite is completed in this period. In particular,
more than 130 min is needed to finish the residual 10 % ad-
sorption and the corresponding adsorption rate is only
0.21 mgg 'min~!. It appears that the adsorption of CO, in
the AM-50 sample is a kinetically (diffusion) controlled pro-
cess, similar to that observed in other amine-modified meso-
porous silica materials.'*!*?!! The affinity sites on the sur-
face of TEPA particles in the mesopores react with CO,
more readily than those within the TEPA particles because
of diffusion limitations.

125+ 2.0
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T T 1.5
) 115 TG Tg
8 F1.0 3
i E
© 110 S
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Los &
105-4 |
1004 Lo.0

t/ min

Figure 7. TG and DSC curves of the AM-50 sample for CO, adsorption
at 75°C.

Figure 8 exhibits the TG-DSC and mass spectrometry
(MS) curves of the CO, desorption in the AM-50 sample
from 35 to 100°C. Only 2.5% of the CO, adsorbed is desor-
bed in the range of 35-60°C, which coincides with the CO,
TPD curve of AM-50. As represented by curvee in
Figure 6, the profile of CO, TPD on the AM-50 sample in-
creases slowly before 60°C, indicating the small quantity of
CO, to be desorbed. However, this curve rises rapidly once
the temperature exceeds 60°C, and hence 26.5% of the CO,
captured by the adsorbent escapes from the composite in
the range of 60-80°C, as calculated from the TG data.
Upon heating the sample from 80 to 100°C, about 53% of
the adsorbate desorbs from the composite and the residual
18 % of adsorbed CO, is released by holding the sample at
100°C for about 0.5 h, as confirmed by MS analysis.

Influence of TEPA loading on the CO, adsorption by
MCM-41 composite: Figure 9 depicts the influence of TEPA
on the CO, adsorption capacity of MCM-41 composites. The
porous support alone, either AM or CM, has a weak CO,
adsorption capacity around 2mgg ' (Figure 9A). Loading
TEPA on the as-synthesized MCM-41 (AM) increases the
adsorption capacity of the composite substantially. For ex-
ample, the sample exhibits an adsorption capacity of 24, 120,
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Figure 8. TG-DSC and MS curves of CO, desorption for the AM-50
sample heated at a rate of 2.5°C min~' from 35 to 100°C and then held
at 100°C.

167, 211, and 221 mgg ' when it is modified with TEPA of
10, 30, 40, 50, and 60 wt %, respectively. After loading with
TEPA to 40 wt %, the AM-40 sample possesses a CO, ad-
sorption capacity (167 mgg™') higher than that of pure
TEPA (151 mgg™"). On the contrary, the CM-n sample with
TEPA loadings of 10, 30, 40, 50, and 60 wt% shows a CO,
adsorption capacity of 8.8, 62, 102, 144, and 176 mgg ", re-
spectively, which is much lower than the data for the corre-
sponding AM-n analogues. For example, the CM-50 sample
has an adsorption capacity of 144 mgg~', obviously lower
than that of AM-50 (211 mgg™"). Nonetheless, both series of
amine-containing composites, AM-n and CM-n, perform
with an enhanced adsorption activity towards CO, in com-
parison with the pure TEPA itself. If the support and the
amine were simply mixed and separately exerted their func-
tions in the adsorption of CO,, the corresponding calculated
adsorption capacities of the CM-50 and AM-50 samples
should be 76.5mgg™' (151x0.5+2x0.5) and 76.7 mgg™'
(151x0.542.4%0.5), respectively, which are clearly lower
than the data detected by experiment (144 and 211 mgg™).
Thus, there should be a synergy between the guest TEPA
and the porous supports in the adsorption of CO.,.

However, a new question arises from the different CO,
adsorption capacities of CM-n and AM-n samples loaded
with the same amount of TEPA: what causes such diversity ?
The reason, as has been previously reported,'®1*21 is the
distribution of amine on the porous support, which is crucial
to the adsorption capacity. The good dispersion and distribu-
tion of the guest enable most of the loaded amine, if not all,
to be accessible towards the CO, adsorbate and thus dis-
tinctly enhance the final adsorption ability of the resulting
composite. The uniform channels of MCM-41 can provide a
large surface area for the accommodation of amine. There-
fore, a relatively homogeneous distribution of TEPA is ach-
ieved, and thus more CO, affinity sites can be exposed to
the adsorbate, similar to that observed in the PEI-modified
MCM-41 and TEPA-modified SBA-15 samples.'®1>?!l How-
ever, the template micelles occluded inside the channel of
AM supply another delicate soft support for the further dis-
persion of the guest amine, as if forming a net inside the
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Figure 9. Influence of TEPA on the CO, adsorption (A) and CO,/N
molar ratio (B) in MCM-41 samples. a) AM-n, b) EM-n, c) CM-n,
d) DM-n, and e) PM-n. CO,/N molar ratio: the molar ratio of adsorbed
CO, to the amine groups in the composites.

pore to divide the tiny space within the channel into infini-
tesimal ones. Hence, the loaded amine can be dispersed
more subtly on these micelles, which not only improves the
dispersion of the amine, but also elevates the capture effi-
ciency of CO, by the composite, because the collision proba-
bility between the target CO, molecules in the gas stream
and the adsorptive sites in the channel of the adsorbent is
enhanced. Without the assistance of template micelles in the
channel, CM-n samples have a lower capability than AM-n
in the capture of CO, as expected. In fact the CM-n sample
has another disadvantage in comparison with AM-n, which
is the cost. One gram of CM contains one gram of mesopo-
rous silica, but one gram of AM consists of only about half
a gram of silica because of the existence of the template mi-
celles occluded in the channel. As shown in Table 3, one
gram of silica supports two grams of TEPA in the AM-50
sample. However, one gram of silica only supports one gram
of TEPA in the CM-50 sample, which is half of that in the
AM-50 sample. Hence, the cost can be cut in half by using
AM to replace CM as the support. The lower cost plus the
higher efficiency in dispersion of amine enables the as-syn-
thesized mesoporous silica to be more competitive than the
template-free analogue in the preparation of new CO, cap-
turers.”!!

Effect of template state on CO, adsorption by the MCM-41
composite: To investigate further the impact of the CTAB
template in the amine-containing composite on the adsorp-
tion of CO,, a special support named MT was prepared by
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Table 3. TEPA, silica, and template contents per 100 grams of composite.

Sample AM-50 DM-50 CM-50 MT-50
template [g] 25 23 0 25
silica [g] 25 27 50 25
TEPA [g] 50 50 50 50
kind of template CTAB DTAB - CTAB

impregnating the template-free MCM-41 sample (CM) with
50 wt% CTAB for comparison with sample AM. Both AM
and MT samples contain the same amount of CTAB, about
50 wt %, but in the former the CTAB is in the original tem-
plate micelles occluded in the channel of MCM-41, whereas
in the latter the CTAB is incorporated in the calcined
MCM-41 sample through impregnation. In other words, the
CTAB in the AM sample is inherently dispersed within the
channel of MCM-41, while in the MT sample the CTAB is
added to the MCM-41 through a postsynthesis procedure. It
is very likely that the dispersion and distribution of CTAB
in the two samples are different more or less; therefore, the
effect of the distribution state of CTAB in MCM-41 on the
final adsorption capability of CO, can be assessed through
comparison of AM and MT along with the corresponding
composites.

CTAB alone does not possess any capacity in the adsorp-
tion of CO, and its profile of CO, TPD is linear (not
shown). The composite of MT-50, fabricated through im-
pregnation of 50 wt % TEPA on the MT support, exhibits a
CO, adsorption capacity (155 mgg ') much lower than that
of AM-50 (211 mgg '), despite the former having the same
amount of CTAB and TEPA as the latter. This difference
indicates the strong influence of the distribution of CTAB in
MCM-41 on the CO, capture. In the AM sample, CTAB sur-
factant disperses in the pore like spokes in a wheel with the
cation head rooted on the silica wall through electrostatic
interaction, and thus the TEPA guest can be dispersed in
the space between the “spokes”. In the MT sample, howev-
er, CTAB congregates in the pore of MCM-41 in a tangled
manner. Therefore, the distribution of amine in MT is not as
good as that in AM, which leads to lower accessibility of the
amine so that the efficiency of the guest in the adsorption of
CO, is relatively low, resulting in a smaller adsorption ca-
pacity in the MT-50 sample.

To understand the synergy of the cationic surfactant with
TEPA in the adsorption of CO,, three other samples of mes-
oporous silica (EM, PM, and DM) occluded with different
kinds or amounts of surfactant are utilized as carrier to sup-
port the amine. As elucidated in Figure 9A, three series of
composites prepared from AM, EM, and PM supports
(AM-n, EM-n, and PM-n, respectively) possess a similar var-
iation in capturing CO, when the loading amount of TEPA
increases from 10 to 40 wt %. The observation can be ascri-
bed to the fact that these three supports have a similar
spokelike architecture with template occluded in MCM-41.
Compared with AM, DM is the as-synthesized MCM-41
prepared with DTAB surfactant whose alkyl chain is shorter
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than that of CTAB. So, the mesopore size of the DM
sample is smaller than that of AM. This difference between
the two supports will affect the incorporation and distribu-
tion of amine guests.

At the same loading amount of 10 wt %, the samples of
AM-10, DM-10, and CM-10 present CO, adsorption capaci-
ties of 24, 25, and 8.8 mgg !, respectively. The obvious dif-
ference among these values originates from the different dis-
tribution of TEPA in the porous supports. When TEPA is
encapsulated in AM, it distributes in the palisade of the
CTAB micelle, perhaps enveloping or interacting with the
micelles to give better accessibility to the CO, molecules,
similar to that reported in SBA-15P! and as shown schemat-
ically in Figure 10, although the available data do not allow
a detailed discussion of the mechanism involved. In the DM
support, the TEPA distribution is similar to that in AM,
except for the kind of template, as DTAB is the template
occluded in the channel instead of CTAB. In the case of
CM, however, the guest TEPA primarily enters the pores of
the support where TEPA conglomerates in the silica pores.
Referring to Figure 10, it is clear that the dispersion of the
amine guest in the palisade of the micelle (such as that in
AM) is better than that in the pores of CM, because the
TEPA can be anchored on the micelles to avoid conglomer-
ation.”Y) Consequently, AM-10 and DM-10 have a larger ad-
sorption capacity and higher CO,/N (the adsorbed CO, to
the amine groups) molar ratio than the CM analogues (Fig-
ure 9B).

When the loading of TEPA rises to 50 wt %, there are dif-
ferent variations in the adsorption capacity of these compo-
sites. For the samples derived from AM, EM, and PM sup-
ports, their adsorption capacities increase slowly after TEPA
loading over 50 wt%. However, DM-50 exhibits a lower
CO, adsorption capacity (154 mgg™') than that of DM-40
(170 mgg™"), and the adsorption capability of DM-60
(143 mgg™") further declines. Referring to the molar ratio of
adsorbed CO, to amine groups as shown in Figure 9B, it is

£
®

Loading TEPA e @ ’4;.
— 2 @ Py
)

Loading TEPA

PM

v~ CTAB

Figure 10. Schematic diagram depicting the influence of the template oc-
cluded in a channel of MCM-41 on the distribution of TEPA.

N TEPA I Siica
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assumed that there is an optimal loading amount of TEPA
dispersed in the MCM-41 support occluded with the tem-
plate micelle, depending on the type and number of micelles
reserved in the channel of the support. As for the DM sup-
port, the optimal loading amount of TEPA is 40 wt% and
the theoretical maximum number of TEPA molecules
needed to be supported on each DTAB molecule is about
1.84 (Table 2). When the loading amount of TEPA reaches
50 wt %, the redundant TEPA may coat the external surface
of the sample and hinder the diffusion of CO, into the
pores, resulting in a relatively low CO, adsorption capacity
(154 mgg™"). The DM-60 sample becomes viscous, mirroring
the coverage of the external surface by the amine, and its
CO, adsorption capacity further declines to 143 mgg™'.

CTAB possesses a carbon chain longer than that in
DTAB; hence, the average diameter of the CTAB micelle is
bigger than that of the DTAB micelle. Consequently, more
TEPA molecules can be dispersed in the palisade of the
CTAB micelle. When the loading of TEPA further increases
to 50 wt%, the CO, adsorption capacity of the AM-50
sample rises to 211 mgg~'. As the loading amount of TEPA
further increases to 60 wt%, the resulting AM-60 compo-
sites possess an enhanced CO, adsorption capacity of
221 mgg .

However, the CO,/N molar ratio of the adsorbent, which
mirrors the average efficiency of capturing CO, by the
amine group located in the composite, decreases from 0.36
(AM-50) to 0.33 (AM-60). Therefore, combining the CO,/N
molar ratio with the CO, adsorption capacity of the compo-
site, the optimal loading amount of TEPA on the AM sup-
port is determined to be 50 wt%, in which every CTAB
molecule can anchor about three TEPA molecules (Table 2).
It is more interesting that the theoretically optimal ratio of
TEPA molecules supported by DTAB to that by CTAB is
0.58 (1.84/3.18=0.58), which closes to the square of the
ratio of carbon-chain lengths, (12/16)*=0.56. As mentioned
before, the longest carbon chain of the surfactant deter-
mines the radius of the micelle formed by the surfactant,
governing the sectional area of the micelle and impacting
the optimal loading amount of the amine guest.

On the basis of these results, it is safe to infer that amine
can be distributed much better in the palisade of the as-syn-
thesized mesoporous silica than in the pores of the tem-
plate-free analogue.”!! Nonetheless, whether amine is dis-
persed in the palisade or in the pores of the support, the re-
sulting adsorption capacity for CO, is always higher than
that of the amine alone. To capture the target molecule CO,
in a gas stream, it is necessary for the amine to be spread on
a support to contact the adsorbate, and thus the dispersion
state seems crucial for the amine to exert its adsorption
function. The AM sample provides a suitable geometric mi-
croenvironment for the dispersion and distribution of
amine; those amines anchored on micelles can avoid con-
glomeration and form an efficient web within the channel,
elevating both the number of adsorptive sites and the acces-
sibility of amine in the adsorption of CO,. In addition, the
AM sample has two advantages when used as a support:
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1) a simpler synthesis procedure which omits the calcination
process and saves energy and time; and 2) the lower cost,
because it has larger loading amounts of amine and higher
CO, adsorptive capacity.

Cycle adsorption of CO, by the amine-MCM-41 composite:
For practical use, the adsorbent should not only possess a
high adsorptive capacity for pure CO,, but also display a
stable cyclic adsorption—-desorption performance in dilute
CO, during prolonged operation. Figure 11 illustrates the
adsorptive capacities of the AM-50 sample under cyclical
adsorption—desorption of CO, performed using pure CO,
and a 1:19 (v/v) CO,/N, mixture. The sample exhibits a high
adsorption capacity at low CO, concentrations, and the
value achieved in 5% CO, (200 mgg ') is close to that in
pure CO, (211 mgg ). It should be pointed out that the ad-
sorption capacity in the sixth adsorption cycle at 5% CO,
concentration remains 183 mgg~', which is still higher than
the known values reported in the literature.'®'*?!] The high
adsorption capacities of the composite, especially at low
concentrations of CO,, during prolonged cyclic operation
suggest that the sample may be useful for practical applica-
tions.
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Figure 11. Cyclical adsorption of CO, by AM-50 in a)pure CO, and
b) CO,/N, (1:19, v/v) mixture.

Conclusion

The template micelle reserved in the as-synthesized MCM-
41 sample can be used to support/anchor TEPA for prepar-
ing efficient CO, capturers. The amount, the type, and the
distribution of the surfactant occluded in the channel of the
support have strong influences on the final CO, adsorption
capacity of the resulting composites. With the spokelike
structure of the micelle in the channel, as-synthesized
MCM-41 (AM) is the most competitive candidate for the
preparation of efficient CO, capturers, as it not only saves
the energy and time need to remove the template and re-
duces the production of pollutants, but also enhances the ef-
fectiveness of encapsulated amine for CO, adsorption. With
the same loading amounts of amine, the composite based on
the AM occluded with CTAB possesses a CO, adsorption
capacity much higher than that derived from common tem-
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plate-free MCM-41 (CM). Moreover, the composite with
AM as the host can save about half of the expensive meso-
porous silica in the CO, capturer, which is crucial to de-
creasing the cost of CO, adsorption.

Experimental Section

Material synthesis: Fabrication of MCM-41 was performed according to
the literature.®® Silica aerosol (3 g) was added to NaOH solution (0.5M,
45 mL) under stirring and heating to dissolve the additive, then a solution
(25 mL) containing CTAB (4.5 g) was added dropwise with stirring at
room temperature. The pH value of the solution was adjusted to 11.5
using HCI solution (2m). After stirring continuously for an additional 6 h,
the gel mixture was heated statically at 100°C for 72 h. Mesoporous ma-
terials were recovered by filtration, washed with distilled water, and air-
dried to give the sample named AM. For comparison, part of the AM
sample was calcined at 550°C for 6 h in air to remove the template, or
extracted with ethanol at 30°C for 2 h to partially remove the template,
giving the samples denoted as CM or EM, respectively. In addition, an
MCM-41 sample with different pore size was prepared using DTAB as
template. The obtained sample was also air-dried and denoted as DM.
Pore-enlarged MCM-41 was synthesized using TMB as swelling agent
with a TMB/CTAB ratio of 4. The sample obtained, without calcina-
tion, was extracted using ethanol at 30°C for 2 h to remove TMB and de-
noted as PM. For comparison with AM, a sample termed MT was pre-
pared by impregnating CTAB at 50 wt % into the CM sample and the re-
sulting material was used as a support. The weight percentage of tem-
plate and silica in the support were measured by thermogravimetric anal-
ysis (TGA).

TEPA was incorporated in MCM-41 through impregnation. The given
amount of TEPA was dissolved in ethanol (10 g) under stirring for 0.5 h,
and then MCM-41 support (0.2 g) was added. After stirring and refluxing
for 2 h, the mixture was evaporated at 80°C followed by drying at 100°C
for 1 h. These composites were denoted as Support-n, where n represents
the weight percentage of amine in the composite. For example, when
AM was used as the support and loaded with 60 wt% TEPA, the ob-
tained sample was named AM-60, which contained 40 wt % AM support
and 60 wt % TEPA.

Methods: The composites were characterized by powder XRD, recorded
on an ARL XTRA diffractometer using Cuyg, radiation (power 40 kV,
20 mA) in the 26 range from 0.5 to 8°. TGA was carried out in an airflow
from 35 to 600°C with a heating rate of 10°Cmin~". Infrared tests were
performed on a Bruker Vedtor22 instrument combined with the conven-
tional KBr wafer technique. Nitrogen adsorption isotherms at —196°C
were measured on a Micromeritics ASAP 2020 volumetric adsorption an-
alyzer, and the sample was outgassed for 2 h in the degas port of the ap-
paratus at 50°C before measurement.”!! Elemental analysis was per-
formed on Heraeus CHN-O-Rapid instrument (Germany).

To check whether the TEPA was inclined to penetrate into the hydropho-
bic palisade layer of the micelle, several supports were utilized to load
the amine to examine the impact of the structure of the support on the
morphology of the resulting amine-containing composite. These supports
include quartz, AM, and the calcined MCM-41 (CM). Three zeolites,
NaA, KA, and NaY, with pore sizes of 0.4, 0.3, and 0.74 nm and surface
areas of 800, 740, and 766 m>g~!, respectively,*”! were also employed. All
the samples were prepared through wet impregnation with the TEPA-to-
support weight ratio of 1:1. TEPA was dissolved in ethanol under stirring
for 0.5 h, and then the support was added. After stirring for 2 h, the mix-
ture was evaporated at 80°C followed by drying at 100°C for 1 h.

Adsorption: CO, adsorption by the solid adsorbent was performed in the
manner reported previously.”! In a typical process, sample (75 mg) with
a mesh size of 2040 was placed in a U-type quartz reactor with an inner
diameter of 4 mm and a length of 350 mm, heated in a flow of N,
(99.995%) at a rate of 8°C min~' to 100°C, and kept at 100°C for 2 h.
Prior to the adsorption of CO, (99.999%) at a given temperature, a
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blank TPD run was carried out to confirm that no desorption occurred.
Subsequently, a fixed amount of CO, (pure or different CO, concentra-
tions diluted with N,) was injected at the given temperature. When the
adsorption finished, the sample was purged with a helium flow for at
least 2 h, and then the CO, TPD was performed at a rate of 2.5°C min
to 100°C."”) The liberated CO, was detected by an “online” Varian 3380
gas chromatograph and quantitatively measured by the external standard
method. In the cyclic adsorption—desorption tests, the sample was al-
lowed to readsorb CO, as soon as the entire desorption process at 100°C
was finished. A Netzsch STA449C TG/DSC-MS analyzer was also em-
ployed to monitor the adsorption and desorption of CO, on the AM-50
sample using helium as the carrier gas, in a manner similar to that report-
ed in the literature.'"*?"! In a typical CO, adsorption experiment, the
sample (20 mg) was preheated under a helium flow (30 mLmin™') at
100°C for 2 h and then cooled to 75°C, followed by the introduction of
CO, (5% in helium) into the system at a flow rate of 30 mL min'. Mean-
while, the increase in the weight of the sample was recorded. For the de-
sorption of CO,, the sample that had adsorbed CO, at a given tempera-
ture was purged with a helium flow at 35°C for 1 h, and was then heated
to 100°C at a rate of 2.5°C min~', followed by holding the sample at
100°C for 0.5 h. The desorption effluent was simultaneously analyzed by
MS. In addition, a blank run was carried out with an empty crucible on
the TG balance before it was used for samples, and calibrations for gas
composition changes were made to account for differences in buoyancy.
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