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Abstract—A new adsorbent based on sterically hindered amine for efficient CO, capture was prepared. Mesoporous
silicon MCM-41 was modified by sterically hindered amine AMPD (2-amino-2-methyl-1,3-propanediol) in different
AMPD loadings by a facile solid-state self-assembly approach. The physicochemical properties of the MCM-41@AMPD
composites were analyzed using XRD, BET, FT-IR and SEM, and the composites were investigated for the CO, capture
performance, including CO, capture capacity, adsorption selectivity and cycling stability. Characterization analyses
showed that the AMPD active components were successfully incorporated and well dispersed into the mesoporous sili-
con MCM-41 surfaces. Adsorption results suggest that the modification by the active ingredient AMPD can signifi-
cantly improve the CO, capture performance. The MCM-41@AMPD material with an AMPD loading of 7 mmol-g '
MCM-41 support exhibits a good CO, adsorption capacity and CO, adsorption selectivity, and shows excellent cycling
stability. Furthermore, the isosteric heat of CO, adsorption on the MCM-41@AMPD-7 material was evaluated by the
Clausius-Clapeyron equation, and the value was 34-78 kJ-mol .
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INTRODUCTION

Climate change caused by excessive greenhouse gases (GHGs)
emissions has severely affected human survival and development.
Among the GHGs, CO, is the major contributor to the greenhouse
effect, and contributes higher than 60% of the GHGs [1]. It is mainly
emitted from fossil fuel combustion for electric power generation
and petrochemical production, especially the flue gases from ther-
mal power plants, which accounts for nearly one-third of CO, emis-
sions [2,3]. Although some emerging energy sources, including
wind energy, solar energy and tidal energy, are available to miti-
gate carbon dioxide emissions, fossil fuels will remain the princi-
pal energy source to meet human survival needs in the foreseeable
tuture [4]. Therefore, the urgent issue for alleviating climate change
driven by CO, emission is to develop an effective adsorbent and/
or technology for capturing CO, from the flue gases. The Chinese
government promises to strive to achieve carbon peak before 2030,
achieve carbon neutral before 2060 [5]. Carbon capture and stor-
age (CCS) is recognized as the most efficient and realizable way to
achieve carbon peak and carbon neutral, and the most energy-con-
suming procedure in CCS is CO, capture [6].

At present, various CO, capture technologies have been proposed,
including cryogenic processes [7], chemical absorption [8], adsorp-
tion separation process [9], and membrane separation [10]. The
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absorption technology using aqueous monoethanolamine (MEA),
methyldiethanolamine (MDEA), diethanolamine (DEA), etc. as ab-
sorbents has been considered as a relatively mature approach for
capturing CO, in the industry; and has achieved a high CO, capture
efficiency [11]. However, this method suffers from some signifi-
cant challenges in the industrial application, including high equip-
ment corrosion, solvent degradation, easy volatilization, foaming
issues, especially the high energy consumption for the absorbent
regeneration [12,13]. Adsorption by porous solid adsorbents is con-
sidered to be the most prospective substitute to replace the conven-
tional absorption process by using amine solution because of its
simple operation, high adsorption/desorption rate, free of equip-
ment corrosion, and low regeneration cost [14,15]. The corner-
stone of the adsorption process is the development of an efficient
CO, adsorbent, which has an excellent CO, adsorption efficiency
and CO, adsorption selectivity. At the same time, CO, adsorbent
should be easy to recover and have good recycle capability. Up to
now, numerous porous adsorbents have been reported for the CO,
capture, such as basic metal oxides [16], metal organic frameworks
(MOFs) [17], activated carbons [18], covalent organic frameworks
(COFs) [19], zeolites [20], and mesostructured silicas materials [21].
Among these materials, MCM-41 silica with the highly ordered
mesoporous has acquired wide attention owing to its outstanding
features of large pore volume, greatly ordered and uniform porous
structure, tunable pore sizes, high surface area, rich silanol groups,
easy surface modification, high hydrothermal stability, and ease of
synthesis [22,23]. MCM-41 has proven to be a promising material
in the field of catalysis and adsorption separation, and is consid-
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ered an excellent substance for CO, adsorption. Nevertheless, pure
MCM-41 displays low adsorption selectivity; sensitivity to the adsorp-
tion temperature, and poor water resistance owing to the physical
interaction of MCM-41 with CO, by weak van der Waals force or
electrostatic force [24]. Fortunately, the properties of MCM-41 can
be easily chemically modified by incorporating basic groups to im-
prove the CO, adsorption performance.

Amine functional groups modified solid adsorbents have received
more and more attention for CO, adsorption, which combines the
advantages of the easy regeneration of solid porous material and
high CO, affinity of amine solution. The amine functional groups
dispersed on the solid porous material provide abundant basic
sites to react with acidic CO, gases reversibly, making the amine
functionalized adsorbents show high CO, adsorption performance,
high adsorption selectivity, good moisture tolerance and low energy
consumption [25,26]. Therefore, amine groups modified MCM-41
is a promising material to prepare efficient CO, adsorbents, and
has received widespread attention. Song and co-workers [27] first
proposed an amine-modified MCM-41 solid adsorbent PE/MCM-
41 via impregnating PEI (polyethylenimine) into MCM-41, achiev-
ing a high CO, adsorption performance at 348 K. Since then, numer-
ous amine-functionalized MCM-41 adsorbents [28-30] for CO,
adsorption have been developed by impregnating or grafting vari-
ous amines into MCM-41, such as monoethanolamine, diethanol-
amine, triethylenetetramine, and pentaethylenehexamine. After in-
troducing amine functional groups, compared with original MCM-
41, the CO, adsorption efficiency was significantly improved.

Currently, the majority of amine modification of MCM-41 has
focused on the primary and secondary alkanolamines, reacting with
CO, to form stable carbamates, therefore causing more time and
energy consumption associated with the adsorbent regeneration
[31]. Sterically hindered amines, typical 2-amino-2-methylpropa-
nol (AMP) and 2-amino-2-methyl-1,3-propanediol (AMPD), tend
to form unstable carbamates with CO, owing to the hindrance effect
of the enormous group belonging to their amine groups, resulting
in a less regeneration energy requirement [32]. In addition, steri-
cally hindered amines have higher theoretical amine utilization
efficiency and better degradation resistance in the CO, capture com-
pared with non-hindered amines [33]. Sterically hindered amine
solutions, such as AMP and AMPD have been widely researched
for absorbing CO, [32,34]. Sterically hindered amine supported
solid CO, adsorbents have rarely been reported. Generally, amine-
modified solid adsorbents are mainly prepared by grafting or wet
impregnation methods [13,35]. The preparation of amino-func-
tionalized solid adsorbents using grafting approach, apart from the
utilization of toxic and expensive organic solvents, always obtains
lower amine loadings owing to the limited silanol content in the
silicon material surfaces. Although sample preparation using wet
impregnation method is considered to be superior to the grafting
method in terms of easy synthesis and higher amine loadings, it
requires an intensive solvent separation process, and the added
amine active ingredient will not be completely introduced to the
support pore channels due to the solvent effect, causing the waste
of organic amines and the production of organic wastewater result-
ing from the unincorporated amines.

Herein, solid sterically hindered AMPD was assembled into meso-
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structured silicas MCM-41 to prepare the MCM-41@AMPD com-
posites using a solid-state self-assembly method in an environment
free of any water and organic solvent. The purpose of this work is
to manufacture a new efficient CO, adsorbent by a facile fabrica-
tion method, and the amine active components will be completely
introduced and well dispersed onto the surfaces of MCM-41. The
synthesized MCM-41@AMPD materials with diverse AMPD load-
ings were analyzed by SEM, nitrogen adsorption and desorption
test, FT-IR, and powder XRD. The CO, adsorption performance
including the CO, adsorption capacity and the CO,/N, adsorp-
tion selectivity for the synthesized MCM-41@AMPD composites
were investigated, the reversibility and the isosteric adsorption heat
of CO, were also determined.

EXPERIMENTAL

1. Materials

The commercial zeolite MCM-41 (H-type, All-silicon, Na,O=
0.0008%) was purchased from Tianjin Nankai Catalyst Plant. 2-
amino-2-methyl-1,3-propanediol (AMPD) was obtained from
Shanghai Luoen Chemical Co., Ltd and used without any further
purification. The gases of CO, (99.99%), He (99.999%) and N,
(99.999%) were provided by Qingdao Dehai Gas Co., Ltd.
2. Preparation of Amine-functionalized MCM-41@AMPD

MCM-41@AMPD composites were prepared by a solid-state
self-assembly approach. Appropriately, a specific amount of solid
AMPD and MCM-41 powder was thoroughly ground and mixed,
and then the mixed powder was activated in air at 383 K for 6 h to
complete the spontaneous dispersion of the molten state AMPD
active components into the MCM-41 pore channels through cap-
illary action. According to the above process, the various compos-
ites with AMPD content of 3,4, 5, 6, 7, 8 and 10 mmol-g ' MCM-
41were prepared. The synthesized samples are named as MCM-
41@AMPD-x, where x is the content of AMPD per gram MCM-
41 in mmol.
3. Sample Characterization

The structural characteristics of MCM-41@AMPD composites
and MCM-41 were analyzed using the low-angle (2 theta=1-10",
2°/min) and wide-angle (2 theta=10-80°, 10°/min) powder XRD
data acquired by the Rigaku D-MAX 2500/PC diffractometer. The
textural properties of the adsorbents were evaluated by nitrogen
physical adsorption test by the Micromeritics ASAP 2460 Version
3.01 automatic physical adsorption instrument at 77 K. About 0.1 g
of the adsorbent was degassed at 373 K under the vacuum for 4 h
before each analysis. The total pore volumes of the materials were
evaluated from total nitrogen adsorption under a relative pressure
of p/p,=0.95, and the conventional Brunauer-Emmett-Teller (BET)
method was used to estimate the specific surface areas. The change
of functional group in the adsorbents was checked by FT-IR spec-
tra collected using a Thermo-Scientific Nicolet iS10 FT-IR instru-
ment from 400 to 4,000 cm™". In addition, the morphology change
of the sample before and after modification was identified by a
Sigma-500 scanning electron microscope (SEM) instrument.
4. Adsorption Isotherm Tests

A static adsorption device was applied to perform the CO, and
N, adsorption isotherm measurements, and the operation and cal-
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culation procedures were sufficiently presented in our prior work
[36]. The adsorption was measured in the pressure range of 0-500
kPa at a given temperature kept by the circulating water bath. Before
each test, the adsorbents were processed at 353 K for 4 h under the
vacuum.
5. Adsorption Theories
5-1. Adsorption Isotherm Modeling

In this work, in order to calculate the isosteric heat of CO, ad-
sorption and the CO,/N, adsorption selectivity on the prepared
adsorbents, the CO, and N, adsorption points were correlated using
Sips adsorption isotherm model, and this model is expressed as [37]:
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where q represents the adsorption capacity (mmol-g ') at a adsorp-
tion equilibrium pressure p (kPa), q,, represents the amount ad-
sorbed at saturation (mmol-g "), b represents the Sips correlative
coefficient (kPa™"), n expresses the adsorbent heterogeneity.

The mean deviation (D) was calculated to assess the accuracy
of the fit of the Sips model to the adsorption data according to the
following equation:
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where N is the number of adsorption data points, 7 is the exper-
imental adsorption capacity, and ¢ is the adsorption capacity cal-
culated from the fitted Sips model.
5-2. Adsorption Selectivity

CO, selectivity is one of the most important indexes to evalu-
ate the selective separation CO, capacity of adsorbents for the gas
mixtures. Ideal adsorption solution theory (IAST) [38] is the most
common theory for predicting the multi-component adsorption
from single component adsorption isotherm. The adsorption selec-
tivity of CO,/N, (Sco,w,) for a mixed gas of CO, and N, was esti-
mated on the basis of the following equation [39]:
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where x refers to the mole fraction of CO, and N, in the adsorbed
phase, y refers to the mole fraction in the bulk phase.
5-3. Adsorption Isosteric Heat

According to the fitted adsorption isotherms at different tem-
peratures from the measured adsorption data, the Clausius-Clap-
eyron equation was applied to determine the isosteric heat of CO,
adsorption [40]:
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where Q, is the isosteric heat of adsorption (kJ-mol ™), R is the ideal
gas constant (J-mol -K™"), T is the absolute temperature (K), and
q, is a given CO, loading (mmol-g ™).

RESULTS AND DISCUSSION

1. Characterization of Composite

Fig. 1 illustrates the X-ray diffraction patterns in low angle and
wide angle of pure AMPD, pristine MCM-41 and MCM-41@AMPD-
7. In Fig. 1(a), the pristine MCM-41 sample shows a sharp diffrac-
tion peak at 26=2.3° and two weak peaks at 20=3.9° and 4.5,
which are assigned to (100), (110) and (200) planes of the repre-
sentative feature of MCM-41 framework, indicative of the pres-
ence of hexagonal mesopores with regular arrangement [22]. After
modification with AMPD, the diffraction intensity of (100) plane
of MCM-41@AMPD-7 was significantly reduced, whereas the (110)
and (200) diffraction peaks disappeared, attributed to the effect of
pore filling of MCM-41 by AMPD, resulting in a reduction in scat-
tering contrast due to the contrast matching between the siliceous
framework in MCM-41 and introduced AMPD molecules [4].
Additionally, the (100) diffraction peak slightly shifted towards a
higher angle for the MCM-41@AMPD-7 sample, indicating that
the AMPD species were effectively incorporated into the MCM-
41 support pore channels [41]. From Fig. 1(b), the pure AMPD
was detected by high angle XRD; however, no AMPD diffraction
peaks were detected in the MCM-41@AMPD-7 sample, indicating
that, during the activation at 383 K, the molten state AMPD were
highly dispersed into the MCM-41support pore channels through
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Fig. 1. Low angle XRD pattern (a) and wide angle XRD pattern (b) of MCM-41, AMPD and MCM-41@AMPD-7.
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Fig. 2. N, adsorption and desorption isotherms of MCM-41 and
MCM-41@AMPD composites with different AMPD loading
at77K.

Table 1. Textural properties of MCM-41 and MCM-41@AMPD

composites
BET surface area  Total pore volume

Sample 2 -1 3 -1

(m™-g") (cm™g")
MCM-41 978 0.866
MCM-4 1@AMPD-5 500 0.269
MCM-4 1@AMPD-7 390 0.227
MCM-4 1@AMPD-8 297 0.192

the capillary action or converted to amorphous species.

Fig. 2 displays the N, adsorption and desorption isotherms of
MCM-41@AMPD composites with different AMPD content and
the pristine MCM-41, and Table 1 lists data on the textural prop-
erties of these adsorbents, including the specific surface areas and
total pore volumes. As shown in Fig. 2, the parent MCM-41 dis-
plays a typical type IV adsorption isotherm with a H4 hysteresis
loop based on the TUPAC dlassification, characterizing the meso-
porous property of MCM-41 [35,42]. The MCM-41 adsorption iso-
therm shows a dramatic increase in N, adsorption amount at the
relative pressure of p/p, from 0.30 to 0.41 owing to the nitrogen
capillary condensation in the mesopores, indicating the signature
of uniform mesostructure of the sample [4,35,43]. After the modi-
fication by AMPD, the hysteresis loop could still be observed in
the isotherms of MCM-41@AMPD composites. For the MCM-
41@AMPD composites, the total pore volumes and specific sur-
face areas decrease after the functionalization with AMPD, which
is caused by the introduction of functional groups occupying part
of the pore space of the MCM-41 support. The above results indi-
cate that functional AMPD components are successfully incorpo-
rated into the mesopores of MCM-41.

The change of surface functional groups was identified using
FT-IR spectroscopy. The MCM-41@AMPD-7 and pristine MCM-
41 FT-IR spectra are presented in Fig. 3. In the pristine MCM-41
FT-IR spectrum, the peaks at 3,451 and 1,638 cm ™ are related to
the -OH groups stretching and bending vibrations of the silanols
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Fig. 3. FI-IR spectra of MCM-41 (a), MCM-41@AMPD-7 (b).

and physically adsorbed water on MCM-41 surface [1]. The bands
at 460, 806 and 1,084 cm™ are assigned to the bending, symmetric
stretching and asymmetric stretching vibrations of Si-O-Si bonds,
and the band at 971 cm™ is attributed the Si-O stretching vibration
of Si-OH in MCM-41 framework [44]. After functionalization with
AMPD, all the vibration peaks of MCM-41 can still be observed
in the MCM-41@AMPD composite spectrum, indicating that the
composites retain the MCM-41 framework structure. Apparently,
after introducing AMPD, new bands around 3,415 and 3,531 cm ™
are observed, which represent the -NH, group symmetric and asym-
metric stretching vibrations [45]. The bands of 2,936 and 2,884
cm™ representing C-H asymmetric and symmetric stretching vibra-
tions can be observed in Fig. 3 [12]. In addition, the bands at 1,456
and 1,384 cm™" correspond to the C-H bending vibration in AMPD
molecules [45]. The results indicate that the functional amino com-
ponents are effectively introduced into MCM-41. Moreover, com-
pared with MCM-41, the stretching vibration peak around 3,451
cm' of silanols in MCM-41 framework became narrower and
sharper, and the position of the Si-OH and Si-O-Si bond vibra-
tion peaks shifted. This may be caused by the interaction of the Si-
OH groups in MCM-41 framework with the -NH, groups in
AMPD molecules, forming the hydrogen bonds, which is condu-
cive to the stability of the amine active component supported on
the support [46].

Fig. 4 presents the SEM images of the MCM-41@AMPD-7 com-
posite and the pristine MCM-41 to characterize the morphology
change of the sample before and after the amine modification. In
the pristine MCM-41 SEM images (Fig. 4(a) and (b)), some irreg-
ular particles with the sizes of about 100-300 nm are observed, and
abundant pores are observed on the particle surfaces, leading to
the outstanding structural property of the MCM-41 support with
high specific surfaces and large pore volumes, which facilitate the
AMPD functional components loading. In the SEM images of
MCM-41@AMPD-7 composite (Fig. 4(c) and (d)), it can be seen
that the morphology of the composite has no significant change
after the AMPD modification, indicating well dispersed AMPD
active components in the MCM-41 support pore channels rather
than the aggregation on the support surfaces. This result is consis-
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Fig. 4. SEM images of MCM-41 (a), (b) and MCM-41@AMPD-7 composite (c), (d) at different magnification.

tent with the result of XRD analysis.
2. Adsorption Performance of CO, on MCM-41@AMPD Com-
posites

Fig. 5 illustrates the CO, adsorption isotherms of pure AMPD,
support and MCM-41@AMPD composites with various AMPD
loadings at 303 K. As shown in Fig. 5, the pure AMPD displays a
low CO, adsorption capacity because the low surface area and
pore volume of the pure AMPD sample prevented the diffusion of

2.0
s MCM-41 ¢ AMPD
A 3 mmol'g_1 v 4 mmol'g_l
T ¢ Smmol'g’ 4« 6mmolg’
15F % 7mmol'g’ » Smmolg’
¢ 10mmol-g”

1.0

0.5

Adsorption amounts/mmol‘g

0 100 200 300 400 500
Pressure of CO,/kPa
Fig. 5. CO, adsorption isotherms on pure AMPD, MCM-41 support

and the MCM-41@AMPD adsorbents with various AMPD
contents at 303 K.

CO, molecules into the sample. The support of MCM-41 exhibits
a higher CO, adsorption capacity of 1.78 mmol-g ™' at 500 kPa because
of its large pore volume and high specific surface area, caused by
the physical interaction via van der Waals force or electrostatic force
between CO, and MCM-41. The adsorption capacity of CO, on
MCM-41@AMPD composites at low adsorption pressure was sig-
nificantly enhanced compared with that of the MCM-41 support,
revealing that the introduced AMPD was significantly effective in
enhancing the CO, adsorption capacity. In addition, the CO, adsorp-
tion amount on the MCM-41@AMPD composites gradually in-
creases when increasing the AMPD content to 7 mmol-g ' MCM-
41 support. This behavior is caused by the fact that AMPD occu-
pies part of the pore volume and surface area of the MCM-41 sup-
port, leading to that the chemisorption of -NH, groups with CO,
molecules gradually replace the physisorption for CO, on the adsor-
bents as the loading of AMPD increasing. When further increas-
ing AMPD loadings to 10 mmol-g ' MCM-41 support, the CO,
adsorption capacity drops sharply, which may be ascribed to the
excessive AMPD species accumulation on the surfaces of the com-
posites, causing effective active site reduction and clogging of pores.
Therefore, the appropriate loading of AMPD on the used MCM-
41 support is 7 mmol-g . The prepared MCM-41@AMPD-7 com-
posite achieves a higher CO, adsorption amount of 1.45 mmol-g '
at 500kPa, and the adsorption amount of CO, on MCM-41@
AMPD-7 sample is almost twice that of MCM-41 support at a
low pressure of 100 kPa.

The content of N, in the coal-fired flue gases is ~85%, which
makes it become the main competitive gas hindering the CO, cap-

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Fig. 6. CO, and N, adsorption isotherms of on MCM-41@AMPD-7 and MCM-41 at 303K (a) and CO,/N, adsorption selectivity for the

CO,/N, (15 : 85) mixture (b).

Table 2. Sips fitting parameters with mean deviations for CO, and
N, adsorption on MCM-41@AMPD-7

3
Parameters (mmci)r;-g'l) g{;;g) n D (%)
MCM-41@AMPD
CO, (303K) 2.62 104 248 1.94
CO, (313K) 2.31 64.4 1.98 2.56
CO, (323K) 2.12 34.8 1.63 2.03
CO, 333K) 1.98 172 140 163
N, (303 K) 1.00 0.104 0.79 3.10
MCM-41
CO, (303K) 4.58 227 1.10 2.39
N, (303 K) 1.51 0.204 0.88 2.66

ture [47]. Therefore, the CO,/N, adsorption selectivity on the fab-
ricated MCM-41@AMPD-7 toward the CO,/N, binary mixture
(15/85) was determined using the IAST based on the fitted pure
CO, and N, adsorption isotherms (see Fig. 6(a)), and compared
with the adsorption selectivity of the pristine MCM-41. The pure
component adsorption data were well correlated with the Sips iso-
therm model and the correlated model information is shown in
Table 2. As shown in Fig. 6(a), the CO, adsorption performance of
MCM-41@AMPD-7 is significantly better than the N, adsorption
performance and the N, adsorption capacity decreases when intro-
ducing the amine groups on MCM-41, due to the reduction of
surface area and pore volume of the composite. Fig. 6(b) presents
the TAST adsorption selectivity of CO,/N, on MCM-41@AMPD-
7 and MCM-41 as a function of pressure. The adsorption selectiv-
ity of CO,/N, values decrease rapidly with the adsorption pressure
at low pressures and gradually reach a constant at higher pressures,
which may be due to the more CO, active sites at low pressures,
confirmed by the isosteric heat of adsorption (see Fig. 8 below).
Moreover, the adsorption selectivity is comparatively higher for
MCM-41@AMPD-7 composite than pristine MCM-41 sample in
the whole experimental pressure range. At 100kPa, the pristine
MCM-41 sample suggests a CO,/N, adsorption selectivity of 15,
while MCM-41@AMPD-7 composite shows adsorption selectiv-
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Fig. 7. CO, cyclic adsorption capacity on MCM-41@ AMPD-7 with
adsorption at 303 K and desorption at 353 K.

ity of 520, almost 35 times that the MCM-41 support. This greater
CO,/N, selectivity could be explained by the fact that the introduced
Lewis base amine functional groups with good affinity for Lewis
acid CO, resulted in high CO, adsorption and high selectivity over
N.,. The results show that the formed MCM-41@AMPD-7 com-
posite would be a promising candidate for the CO,/N, separation.
Apart from the CO, adsorption capacity and CO,/N, adsorp-
tion selectivity, the cycle stability of CO, adsorbents is also import-
ant for their practical industrial application. Therefore, to evaluate
the cydlic stability for CO,, consecutive five CO, adsorption and
desorption cydes on the MCM-41@AMPD-7 adsorbent were per-
formed. The adsorption was conducted at 303K, and the adsor-
bent was regenerated in situ under vacuum at 353 K. Fig. 7 illustrates
the cyclic adsorption isotherms for CO, in the five cyclic tests. The
result shows that there is no significant change in the adsorption
capacity for CO, in the five cycles, indicating that the adsorbents
possess good recyclability. Note that the MCM-41@AMPD adsor-
bent after adsorbing CO, can be regenerated at a relatively low tem-
perature of 353 K, and this mild regeneration condition is attributed
to the use of hindered amines as active sites, providing an appro-
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CO, loading (b).

priate interaction strength of CO, with adsorbent.

The crucial parameter for revealing the strength of adsorbate-
adsorbent interaction and designing the gas separation adsorber is
the isosteric heat of adsorption. The isosteric heat of CO, adsorp-
tion on the MCM-41@AMPD-7 adsorbent was determined accord-
ing to Eq. (3) according to the fitted CO, adsorption isotherms at
the various temperatures, as shown in Fig. 8(a). Table 2 lists the fit-
ted model coefficients with mean deviations, and the calculated
adsorption heats results are presented in Fig. 8(b). From Table 2,
the adsorption data are well fitted by the Sips model. From Fig.
8(a), the CO, adsorption capacity on MCM-41@AMPD-7 sam-
ple shows a downward trend with increasing the adsorption tem-
perature, indicating that there is an exothermic process of the CO,
adsorption on MCM-41@AMPD-7 composites. From Fig. 8(b),
the isosteric heats of CO, adsorption on MCM-41@AMPD-7 are
in the range of 78-34 kJ-mol ™" at a CO, coverage of 0.1-1.2 mmol-
g . The values over the whole CO, cover are higher than that of a
weak physisorption process (<20 kJ-mol ™) [48], demonstrating that
the CO, adsorption on MCM-41@AMPD adsorbent is a chemisorp-
tion process due to the high CO, affinity of -NH, groups. Gener-
ally, the heats of adsorption for the strong chemisorption range
from 60 to 90 kJ-mol ™' [49]. It was proposed that the amount of
amino active sites in the adsorbent has an effect on the heat of
adsorption, and the higher amount of amino groups will increase
the adsorption heat [37,49]. The higher initial isosteric heat of
CO, adsorption on MCM-41@AMPD-7 adsorbent may be owing
to the large number of readily available amine sites in the compos-
ite at low CO, loading, resulting in a fast and strong interaction
between the MCM-41@AMPD-7 composite and CO, molecules.
With increasing CO, loading, the decline of the adsorption heat
may be attributed to the continuous active sites occupation, result-
ing in a lack of available active sites. This relatively low isosteric
heat of adsorption makes the composite require lower energy for
regenerating the adsorbent.

CONCLUSIONS

Sterically hindered amine AMPD supported MCM-41 adsor-
bents (MCM-41@AMPD) with various AMPD loading were suc-

cesstully obtained for the effective adsorption of CO, by a facile
and feasible method. No organic solvents and additives were used
in the preparation process, and amine active components AMPD
were completely introduced into the MCM-41. During the activa-
tion process at 383 K, the AMPD species were highly dispersed
into the MCM-41 mesoporous structure. After the amine func-
tionalization, the composites still maintained a mesoporous struc-
ture. The optimized adsorbent MCM-41@AMPD has an AMPD
loading of 7 mmol-g' MCM-41, obtaining a significant improve-
ment in CO, capture capability compared with MCM-41. MCM-
41@AMPD-7 composite shows a high CO,/N, adsorption selec-
tivity of 520 at 100 kPa, which is almost 35 times that of the MCM-
41 support. After five cycles of CO, adsorption and desorption test,
the CO, adsorption capacity of MCM-41@AMPD-7 remained basi-
cally unchanged. The relatively low isosteric heat of CO, adsorp-
tion of 34-78 kJ-mol” on MCM-41@AMPD-7 shows the composite
need a lower energy requirement for regenerating the adsorbent.
The excellent adsorption performance makes the MCM-41@AMPD
composite a potential candidate for separating CO, from gas mix-
tures, and could achieve mild operating conditions.
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