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Abstract: Michigan State University-2 (MSU-2) is notable potential adsorbent for carbon dioxide
(CO2) due to its intrinsic properties, which include its highly interconnected three-dimensional (3D)
wormhole-like framework structure, high specific surface area, and its large total pore volume, as well
as its large amount of surface silanol hydroxyl groups, which facilitate the amine functionalization
process. In this study, unfunctionalized MSU-2 was synthesized via a fluoride-assisted two-step
process via the solution precipitation method, using Triton X-100 as the surfactant and tetraethy-
lorthosilicate (TEOS) as the silica precursor. Then, the synthesized MSU-2 was functionalized using
varying tetraethylenepentamine (TEPA) loadings of 20–60 wt%. The effect of different TEPA loadings
on the properties and CO2 adsorption capacity of the MSU samples was investigated. Studies of the
CO2 adsorption of the unfunctionalized and TEPA-functionalized MSU-2 samples was conducted
at 40 ◦C and 1 bar of pressure. Furthermore, scanning electron microscopy (SEM); surface area and
porosity (SAP) analysis; carbon, hydrogen, nitrogen, and sulfur (CHNS) analysis, X-ray diffractometry
(XRD); Fourier transform infrared (FTIR) spectrometry; and thermogravimetric analysis (TGA) were
utilized to characterize the resultant unfunctionalized and TEPA-functionalized MSU-2 with different
TEPA loadings in order to study their morphologies, pore characteristics, elemental compositions,
crystallographic structures, functional groups, chemical bonding, and thermal stability, respectively.
The comprehensive results obtained from the analytical instruments and the CO2 adsorption studies
indicated that the TEPA-functionalized MSU-2 with 40 wt% of TEPA loading achieved the highest
average CO2 adsorption capacity of 3.38 mmol-CO2/g-adsorbent.

Keywords: CO2 capture; adsorption; MSU-2; tetraethylenepentamine; functionalization

1. Introduction

Global warming, which is mainly caused by the emission of excessive carbon dioxide
(CO2) into the atmosphere, has become an environmental issue and environmentalists
all over the world are searching for methods and materials to capture CO2 effectively [1].
According to the Global Energy & CO2 Status Report 2019 by the International Energy Agency
(IEA), approximately two-thirds of the increase in CO2 emissions could be ascribed to the
combustion of fossil fuels such as coal, petroleum, and natural gas in power plants in order
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to generate energy for industrial applications [2,3]. The high concentration of CO2 in the
atmosphere has negative effects on nature, which include the greenhouse effect, the loss
of the mass of ice sheets, and the warming of oceans [4]. Therefore, it is of the utmost
importance to control the emission of CO2 into the atmosphere. One of the most practical
methods is CO2 capture and sequestration (CCS).

Generally, absorption, membrane separation, cryogenic distillation, and adsorption
are the four common types of technologies used in CO2 capture [5]. Although absorption
technology using liquid amines is the most developed method among the others, its appli-
cation is limited by drawbacks such as the high energy consumption required for amine
regeneration, the corrosiveness of amines, high solution viscosity, amine losses, as well
as the degradation of amines in the presence of oxygen [5–10]. Moreover, advancements
in membrane technology in recent years have contributed hugely to the enhancement of
CO2 capture technology; however, it still possesses some limitations due to the difficulty of
operation on a large scale, the high energy requirements of post-combustion CO2 capture,
as well as its high cost [5,7,10,11]. In addition, the application of cryogenic separation for
CO2 capture is limited due to the fact that it is a highly energy-intensive process and due
to the issue of CO2 refrigeration at low temperature [5,12]. On the other hand, adsorption
technology, which is also a well-established CO2 removal technique, has gained wide
attention in recent years as it involves lower energy consumption and operating costs.
Moreover, adsorbents are commonly easy to regenerate during the desorption process.
Furthermore, this technology performs well in low CO2 concentration feed gas streams [5].

Basically, adsorption is a surface phenomenon in which gas molecules are attached to
a solid surface. The gas molecules and the solid surface are known as the adsorbate and the
adsorbent, respectively [5,13]. The extent of CO2 adsorption is affected by various factors,
in which the properties of the adsorbent used have significant effect on the adsorption
performance of the system [14,15]. In order to ensure high CO2 adsorption capacity, a
suitable adsorbent needs to have a high affinity with the targeted gas [16], large and
tunable pore sizes, a large total pore volume, a high specific surface area, and a multi-
dimensional porous framework [17]. The types of materials which have been studied
for use as CO2 adsorbents include carbons [18], oxides (for example, ZnO) [19], metal
organic frameworks (MOFs) [20], zeolites [21] and mesoporous silicas such as MCM-41,
SBA-16, MSU-J, KIT-6, and MSU-1 [22–26]—all of which show high potential for CO2
adsorption as they exhibit the desired characteristics of a good adsorbent, as mentioned
above. In addition, mesoporous silicas contain a large amount of silicon hydroxyl groups
on the surface, which can facilitate further surface modifications through the formation of
chemical bonds with the added organic materials [27]. One of the most common surface
modification methods is amine-functionalization using the wet impregnation technique
due to its simple preparation steps and the fact that no toluene is required [28]. In the wet
impregnation method, the organic materials—specifically, organic amines—are dissolved in
a solvent, usually methanol or ethanol, and mesoporous silicas are dispersed in the solution
for the adherence of amine molecules on the pore walls of mesoporous silicas [29]. Various
previous studies have been conducted to investigate the CO2 adsorption performance of
amine-functionalized mesoporous silicas and it has been found that amine functionalization
significantly enhanced the CO2 adsorption capacity of the resultant adsorbents. When
mesoporous silicas are functionalized with amines, CO2 gas molecules react with the amino
groups in amine molecules chemically to form carbamates, in which the interaction is
stronger than that of with silanol hydroxyl groups on the surface of unfunctionalized
mesoporous silicas [8,17].

MSU-2 is a promising material for use as a CO2 adsorbent due to its highly intercon-
nected three-dimensional (3D) wormhole-like framework structure, its large pore volume,
and the fact that it contains numerous surface silanol hydroxyl groups [30–32]. These char-
acteristics facilitate better adsorption performance, as well as an easier functionalization
process with amines. To the best of our knowledge, no studies have been conducted to date
to assess CO2 adsorption using TEPA-functionalized MSU-2. In this study, unfunctionalized
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MSU-2 was synthesized by using TEOS and Triton X-100 as the source of the silicas and the
template, respectively. Next, MSU-2 was functionalized using TEPA with loadings varying
from 20 wt% to 60 wt%. The unfunctionalized and TEPA-functionalized MSU-2 were then
characterized in terms of their morphology, pore characteristics, elemental composition,
crystallinity, functional groups, and thermal stability using various analytical instruments.
Moreover, the effect of TEPA loading on the CO2 adsorption capacity of the MSU samples
was investigated. The aim of the current study was to find the optimum TEPA loading for
functionalized MSU-2, as well as the highest CO2 adsorption capacity that can be achieved
using the optimum TEPA functionalized MSU-2.

2. Materials and Methods
2.1. Materials

Triton X-100 (MW = ∼647, density = 1.065 g/mL) was purchased from Sigma Aldrich
and used as the surfactant for the synthesis of MSU-2. Tetraethylorthosilicate (TEOS,
≥99%, MW = 208.33, density = 0.94 g/mL) was obtained from Merck and used as the
silica precursor for MSU-2 preparation. Tetraethylenepentamine (TEPA, ≥95.0%, C8H23N5,
MW = 189.30, density = 0.99 g/mL) was purchased from Acros Organics and used as the
amine for functionalization. Hydrochloric acid fuming 37% (HCl, EMSURE®, ACS, ISO,
Reag. Ph Eur) and absolute ethanol (EtOH, EMSURE®, ACS, ISO, Reag. Ph Eur, C2H5OH)
were also purchased from Merck, whereas sodium fluoride (NaF, ≥98.5%, MW = 41.99)
was obtained from R&M Chemicals. All the chemicals were of analytical grade. The 99.99%
CO2 gas, 99.99% CH4 gas, and 99.99% N2 gas were purchased from Air Products.

2.2. Synthesis of Unfunctionalized MSU-2

MSU-2 was synthesized by means of a fluoride-assisted, two-step process of solution
precipitation, of which the two most important processes included the self-assembly of the
silica surfactant and the condensation of the silica precursor to form a colloidal sol. TEOS
was mixed into 100 mL of a 0.02 M Triton X-100 aqueous solution with a TEOS/Triton X-100
molar ratio of 8 and the mixture was stirred at room temperature. Then, 0.25 M of HCl
was added dropwise to the mixture of TEOS and Triton X-100 until the pH became 2. The
resulting solution was then sonicated for 30 min at room temperature, stirred moderately
for 5 h, and aged without agitation for 10 h to obtain a clear solution. NaF powder was
added slowly under vigorous stirring to the resulting solution with a NaF/TEOS molar
ratio of 0.04/1 for silica condensation to occur. Then, the beaker was placed into a water
bath at 55 ◦C for 48 h in a static condition to allow the precipitation of the product. The
solid sample was filtered off, washed with distilled water, and dried in an oven (Thermo
Scientific Heratherm OGH100, Country of Origin: Germany) at 100 ◦C for 4 h. The solid
sample was calcined in air at 200 ◦C for 6 h and then at 620 ◦C for 6 h to remove the
framework-bound surfactant.

2.3. Synthesis of TEPA-Functionalized MSU-2

Prior to the functionalization process, the unfunctionalized MSU-2 was thermally pre-
treated in an oven at 100 ◦C for 1 h. A specific amount of TEPA was dissolved in 20 mL of
ethanol and stirred for 30 min. After complete dissolution, 1 g of unfunctionalized MSU-2
was dispersed into the TEPA/ethanol solution and stirred for 30 min. Then, the resulting
mixture was sonicated for 30 min to improve the diffusion of TEPA inside the pores of the
unfunctionalized MSU-2. To complete the volatilization of ethanol, the resultant slurry
was evaporated at 70 ◦C for 16 h under stirring. The obtained TEPA-functionalized MSU-2
sample was then dried at 100 ◦C for 2 h in the oven. The resulting samples were denoted as
TEPA(x)/MSU-2, where x represents the weight percentage of TEPA loaded in the MSU-2,
which was equal to 20 wt%, 30 wt%, 40 wt%, 50 wt%, or 60 wt%.
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2.4. CO2 Adsorption Experiment

The CO2 gas adsorption testing of the unfunctionalized and TEPA-functionalized
MSU-2 was conducted in a column test rig with an inner diameter of 10 mm, whereas
gas analysis throughout the experiment was performed using a gas analyzer (Gensonic
Technology NDIR sensor, Model G2-03). Firstly, 4 g of the adsorbent was loaded into the
gas adsorption column test rig and heated from room temperature to 100 ◦C and held for
3 h under 100 mL/min of N2 flow in order to remove the gases and moisture adsorbed
from the surroundings. Then, the temperature was reduced to 40 ◦C for gas adsorption
measurements and held at that point. The feed gas mixture consisting of 50% CO2 gas
and 50% CH4 gas was passed through the adsorbent sample in the gas adsorption column
test rig. The composition readings of the outlet gas were collected using a Gensonic gas
analyzer at a 1 s interval. When the composition readings of the outlet gas reached 50%
CO2 gas and 50% CH4 gas, this indicated the end of the adsorption process. Using the
breakthrough curve plotted based on the raw data obtained from the Gensonic gas analyzer,
the CO2 adsorption capacities of the unfunctionalized and TEPA-functionalized MSU-2
were determined. Three runs of adsorption tests under the same conditions were performed
for each MSU-2 sample. The average value of the CO2 adsorption capacity for each MSU-2
sample was determined based on the CO2 adsorption capacities obtained in the 3 runs of
adsorption tests.

2.5. Characterization

A scanning electron microscope (SEM, Hitachi TM3030 Tabletop, Japan), operated
under an acceleration voltage of 5.00 kV, was used to study the morphology of the un-
functionalized and TEPA-functionalized MSU-2 adsorbents. A surface area and porosity
analyzer (SAP, Micromeritics TriStar II 3020, USA) was used to evaluate the pore character-
istics of the unfunctionalized and TEPA-functionalized MSU-2. Prior to the measurement,
the adsorbent samples were degassed at 65 ◦C under vacuum conditions for 24 h to
eliminate the moisture and the pre-adsorbed gases on the surface of the samples. The
Brunauer–Emmett–Teller (BET) specific surface area was characterized based on N2 adsorp-
tion/desorption at −196 ◦C, whereas the total pore volume was computed based on the
amount of N2 adsorbed after completing the condensation of pores at a relative pressure of
p/p0 = 0.99. The elemental composition of the adsorbent samples was examined using a
carbon, hydrogen, nitrogen, and sulfur analyzer (CHNS, Elementar vario MICRO cube, Ger-
many). The crystallographic structures of the unfunctionalized and TEPA-functionalized
MSU-2 were studied using an X-ray diffractometer (XRD, Bruker D2 PHASER Benchtop,
Germany). The XRD patterns were obtained at room temperature by observing Cu Kα
X-ray radiation in the 2θ range from 0.01◦ to 10◦ with a scanning step of 0.01◦. A Fourier
transform infrared spectrometer (FTIR, PerkinElmer Frontier, USA) was used to determine
the functional groups and chemical bonding of the adsorbent samples, using the KBr
wafer technique. The scans conducted were from 4000 cm−1 to 400 cm−1 with a 4 cm−1

resolution to obtain the absorption band. The thermal stability of the unfunctionalized and
TEPA-functionalized MSU-2 was investigated using a thermogravimetric analyzer (TGA,
PerkinElmer Simultaneous Thermal Analyzer STA 6000, USA). The adsorbent samples
were heated from room temperature (25 ◦C) to 800 ◦C at a heating rate of 5 ◦C/min under
an inert N2 atmosphere.

3. Results and Discussion
3.1. Morphology Analysis

In Figure 1 we present SEM images of unfunctionalized and TEPA-functionalized
MSU-2 with different TEPA loadings. In Figure 1a, it can be observed that the synthesized
unfunctionalized MSU-2 possessed a monodisperse spherical morphology, which is in good
agreement with the results reported in the previous literature [30,31,33–37]. This is due to
the mild acidity of pH 2 and the stable process that occurred during the hydrolysis step,
caused the silica oligomers and the surfactant molecules present in the TEOS/Triton X-100
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solution, forming spherical nanoscopic micellar hybrid objects [31,35]. Moreover, it can be
observed in Figure 1b–f that all the MSU-2 functionalized with TEPA loadings of 20 wt% to
60 wt% also showed monodisperse spherical morphologies which were comparable to that
of unfunctionalized MSU-2. These results indicate that even after TEPA impregnation, the
spherical shape of the MSU-2 was well-preserved [38,39]. However, there was no obvious
trend of a change in the MSU particles’ size observed when the TEPA loading was increased
from 20 wt% to 60 wt%.
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Figure 1. SEM images at 10,000× magnification of (a) unfunctionalized MSU-2, and MSU-2 function-
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3.2. Pore Characteristics and Elemental Analysis

The nitrogen adsorption/desorption isotherms of the unfunctionalized and TEPA-
functionalized MSU-2 were plotted as shown in Figure 2.

The N2 adsorption isotherms of the unfunctionalized MSU-2, as shown in Figure 2a,
resembled the type IV adsorption isotherm, with a hysteresis loop around a relative pres-
sure (p/p0) of approximately 0.43 to 0.80 [40–42]. This indicated the occurrence of pore
condensation of N2 molecules in the mesopores [8,11,32,43]. Generally, an adsorbent with
a type IV adsorption isotherm has a well-defined mesoporous structure [11,26] and its
surface exhibits relatively strong interaction with gas adsorbate molecules [40–42].

Furthermore, Figure 2b–d show that the TEPA-functionalized MSU-2 with TEPA
loadings of 20 wt% to 40 wt% also exhibited comparable type IV adsorption isotherms, indi-
cating that the mesoporosity of TEPA(20)/MSU-2, TEPA(30)/MSU-2, and TEPA(40)/MSU-2
remained well-defined. These results indicate that with TEPA loadings up to 40 wt%, the
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impregnation of TEPA did not destroy the pore structure of the unfunctionalized MSU-
2 [11]. However, the increment in TEPA loading caused the amount of N2 adsorbed on
the surface of TEPA-functionalized MSU-2 to decrease. This was due to the fact that the
addition of TEPA partially occupied the internal cavities of pore channels and this caused
a reduction in the surface area and pore volume of the unfunctionalized MSU-2. There-
fore, the specific surface area available for N2 adsorption became smaller, leading to the
decreasing quantity of adsorbed N2 by TEPA-functionalized MSU-2. This phenomenon
was further supported by the pore characteristics obtained from SAP measurements, as
shown in Table 1. Before the impregnation of TEPA, the unfunctionalized MSU-2 possessed
a high BET specific surface area (SBET) of 1223.13 m2/g and a total pore volume (Vp) of
0.87 cm3/g. Then, the SBET and Vp decreased drastically to 27.08 m2/g and 0.03 cm3/g,
respectively, after 40 wt% of TEPA was loaded onto the MSU-2.
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Table 1. Pore characteristics and elemental analysis of unfunctionalized and TEPA-functiona-
lized MSU-2.

Sample BET Specific Surface
Area, SBET (m2/g)

Total Pore Volume,
Vp (cm3/g) N Content (wt%)

MSU-2 1223.13 0.87 0.00
TEPA(20)/MSU-2 397.20 0.34 7.62
TEPA(30)/MSU-2 140.34 0.16 8.97
TEPA(40)/MSU-2 27.08 0.03 11.91
TEPA(50)/MSU-2 0.29 ~0.00 15.80
TEPA(60)/MSU-2 0.12 ~0.00 19.46

Moving on, with a further increment in TEPA loading to 50 wt% and 60 wt%, no
obvious type IV adsorption isotherm could be observed, and the N2 adsorption/desorption
isotherm patterns of TEPA(50)/MSU-2 and TEPA(60)/MSU-2 were almost a straight
line [26]. This was due to the pore filling effect of TEPA in the pore spaces of the un-
functionalized MSU-2, with the mesopores totally covered by the excessive TEPA when
the TEPA loading increased beyond 40 wt% [11]. As shown in Table 1, the decrease in
SBET to 0.12 m2/g at 60 wt% of TEPA loading further proved that their mesopores were
nearly completely occupied with TEPA. In addition, the Vp decreased to an extent that
could not be measured and it could only be denoted as approximately zero as there were
no distinct mesopores detected in TEPA-functionalized MSU-2 with more than 40wt% of
TEPA loading [26,43].
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In addition, the TEPA content in the TEPA-functionalized MSU-2, which is represented
by the composition of nitrogen (N), measured via CHNS elemental analysis, exhibited a cor-
relation with the SBET and Vp of the adsorbent samples obtained from SAP measurements.
Based on the results shown in Table 1, it could be observed that when the TEPA loading
increased from 20 wt% to 60 wt%, the weight percentage of N also increased from 7.62 wt%
to 19.46 wt%. On the contrary, with an increasing weight percentage of N, the SBET and Vp
of the TEPA-functionalized MSU-2 exhibited a decrease. These results indicated that TEPA
was successfully impregnated onto the surface of unfunctionalized MSU-2 and they are in
good agreement with the results reported in previous research works [11,44].

3.3. Crystallinity Analysis

The XRD diffraction patterns of unfunctionalized and TEPA-functionalized MSU-2
with different TEPA loadings are shown in Figure 3. In Figure 3a, it can be observed that
the unfunctionalized MSU-2 exhibited a narrow XRD peak at a 2θ value of 1.0◦, which is
in good agreement with the XRD patterns reported in the previous literature [32,45]. This
well-resolved low-angle XRD pattern corresponds to (100) crystal face diffraction [26,32].
In Figure 3b–f, the XRD diffraction angles with identical 2θ values are shown in the XRD
patterns of TEPA(20)/MSU-2, TEPA(30)/MSU-2, TEPA(40)/MSU-2, TEPA(50)/MSU-2, and
TEPA(60)/MSU-2, indicating that after TEPA impregnation, the mesostructure of MSU-2
was preserved [26]. However, we observed that the diffraction intensity of the XRD peaks
at a 2θ value of 1.0◦ decreased when the loading of TEPA impregnated in MSU-2 increased.
The decrease in diffraction intensity was due to a decrease in crystallinity when the loading
of TEPA impregnated in MSU-2 increased. This is because TEPA also covered the outer
surfaces of MSU-2, in addition filling in the pore channels of MSU-2. This shows that the
pore ordering of TEPA-functionalized MSU-2 deteriorated with increasing TEPA loading
from 20 wt% to 60 wt% [46]. Similar phenomena were reported by other researchers on
TEPA-functionalized MSU-1 [26]. Moreover, after a drastic decrease in diffraction intensity
with increasing TEPA loadings from 0 wt% to 50 wt%, the diffraction intensity remained
constant when the loaded TEPA was beyond 50 wt%. This may be because there was ex-
cessive TEPA loading on the external surfaces of TEPA(50)/MSU-2 and TEPA(60)/MSU-2.
Therefore, no obvious influence was observed on the diffraction intensity even when the
amount of TEPA coated on the outer surface of the adsorbents continued to increase [20].
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3.4. Functional Groups

The FTIR spectra of unfunctionalized and TEPA-functionalized MSU-2 shown in
Figure 4 were used to examine the type of bonding formed in the chemical structure of
the adsorbents. In Figure 4a, it can be observed that the significant features of the FTIR
spectrum for the unfunctionalized MSU-2 included a large broad band between 3600 cm−1

and 3250 cm−1, which was centered at the band of about 3467 cm−1, and a few bands at
wavenumbers of 1647 cm−1, 1077 cm−1, 800 cm−1, and 461 cm−1, which is in agreement
with the FTIR spectra reported in the previous literature by Perez-Quintanilla et al. [32]
and Wang et al. [26]. To be more specific, due to the overlapping of two bands, which
indicates that the siloxane chains in the structure of the unfunctionalized MSU-2 were long
or branched, the broad strong band centered at 1077 cm−1 was associated with a broad
shoulder at 1217 cm−1. Hence, this caused the -Si-O-Si- absorption to become broader
and more complex [47,48]. Based on the correlations of group vibrations to regions of
infrared absorption [49,50] and the spectrum–structure correlations of infrared analysis for
organosilicon compounds [47,48], Table 2 show the type of bonding represented by each of
the peaks in the FTIR spectra of unfunctionalized and TEPA-functionalized MSU-2.
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Table 2. Characteristic bonds shown in the FTIR spectra of unfunctionalized MSU-2 and TEPA-
functionalized MSU-2 [8,11,26,44,47–51].

Wavenumber (cm−1) Title 3

∼3467 # O-H stretching vibrations of the hydrogen bonded surface silanol
groups and the remaining adsorbed water molecules

2950 * Asymmetric stretching vibration of the –CH2 groups of TEPA chains

2843 * Symmetric stretching vibration of the –CH2 groups of TEPA chains

1647 # Deformation vibrations of physically adsorbed water molecules

1571 * Bending vibration (δ(N–H)) of –NH–

1477 * Deformation vibration of –NH2

1310 * Stretching vibration of C–N

1077 # Asymmetrical stretching (νas) of siloxane (-Si-O-Si-) band

800 # Si-O bond symmetrical stretching (νs) of the silanol groups

461 # Bending vibration (δ) of siloxane (-Si-O-Si-) band
# Attributed to unfunctionalized MSU-2. * Attributed to TEPA molecules.
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By comparing the FTIR spectra of unfunctionalized MSU-2 shown in Figure 4a and
TEPA-functionalized MSU-2 with different TEPA loadings shown in Figure 4b–f, it can be
observed that all the peaks exhibited in the unfunctionalized MSU-2 were also evident in
the FTIR spectra of TEPA-functionalized MSU-2 with amine loadings of 20 wt% to 60 wt%,
indicating the successful impregnation of TEPA onto MSU-2. However, as the mass of the
TEPA molecules in the MSU-2 increased with higher TEPA loadings, the large broad band at
3467 cm−1 gradually shifted to a lower wavenumber. This shows that a reaction took place
between the surface hydroxyl groups of MSU-2 adsorbents and the amino groups present
in TEPA molecules where new hydrogen bonds were formed [11]. Moreover, the presence
of the bands attributed to unfunctionalized MSU-2 at 1647 cm−1, 1077 cm−1, 800 cm−1,
and 461 cm−1 in the FTIR spectra of TEPA-functionalized MSU-2 with different TEPA
loadings shows that the characteristic bands of MSU-2 remained undestroyed by TEPA
impregnation [11]. However, owing to the increasing amount of TEPA loaded on the surface
of MSU-2, the percentage of transmittance for all the peaks exhibited a gradual decrease
with increasing TEPA loadings from 20 wt% to 60 wt% [8]. Furthermore, some additional
bands were displayed in the FTIR spectra of all the TEPA-functionalized MSU-2, including
bands at 2950 cm−1, 2843 cm−1, 1571 cm−1, 1477 cm−1, and 1310 cm−1. These bands
indicate that TEPA was successfully impregnated on the surface of MSU-2. In addition,
the percentage of transmittance of the adsorption peaks exhibited at wavenumbers of
2950 cm−1, 2843 cm−1, 1477 cm−1, and 1310 cm−1 increased with increasing TEPA loadings
as a higher amount of TEPA in MSU-2 contributed to stronger bond vibrations, which then
lead to a higher-intensity bands.

3.5. Thermal Analysis

The thermal stability of unfunctionalized and TEPA-functionalized MSU-2 was evalu-
ated based on their TGA profiles and DTG curves, as shown in Figures 5 and 6, respectively.
From the TGA profiles, the weight percentage loss, which indicated the amount of TEPA
loaded, was obtained, whereas the degradation temperature of the adsorbent samples was
determined from the DTG curves. Table 3 summarizes the weight loss in the TGA profiles
of the adsorbent samples and pure liquid TEPA.
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Figure 6. DTG curves of unfunctionalized MSU-2; MSU-2 functionalized with TEPA loadings of
20 wt%, 30 wt%, 40 wt%, 50 wt%, 60 wt%; and pure TEPA.

Table 3. Weight losses in TGA profiles of unfunctionalized and TEPA-functionalized MSU-2.

Adsorbents Weight Loss of First-Step
Degradation at 30–80 ◦C (%)

Weight Loss of Second-Step
Degradation at 190–290 ◦C (%)

MSU-2 3.62 -
TEPA(20)/MSU-2 3.98 16.53
TEPA(30)/MSU-2 4.09 22.94
TEPA(40)/MSU-2 4.25 26.24
TEPA(50)/MSU-2 5.34 41.10
TEPA(60)/MSU-2 3.15 52.95

TEPA - 99.01

As shown in the TGA profile from Figure 5, the unfunctionalized MSU-2 illustrated
only one-step degradation at around 30 ◦C to 80 ◦C, whereas the TEPA-functionalized
MSU-2 exhibited a two-step degradation at about 30 ◦C to 80 ◦C and 190 ◦C to 290 ◦C.
Firstly, the small weight loss of less than 6% prior to 100 ◦C in both unfunctionalized
and TEPA-functionalized MSU-2 was associated with the desorption of physically pre-
adsorbed water and gas molecules from the adsorbent samples. As shown in Figure 5, a
magnification of the overlapped TGA profile lines of unfunctionalized and functionalized
MSU-2 for the first small weight loss (which occurred due to the desorption of physically
pre-adsorbed water and gas molecules) can be seen. For unfunctionalized MSU-2, no
significant weight loss was observed when the temperature continued to rise to 800 ◦C.
This phenomenon is comparable with the TGA profiles and DTG curves reported in the
previous literature [8,11,25,26,51–53]. For TEPA-functionalized MSU-2, the first small
weight loss was also due to the elimination of the ethanol solvent which had not been
completely removed during the fabrication process [52,53]. Moving on, the obvious drop
in the TGA profiles and the peaks exhibited by the DTG curves of TEPA-functionalized
MSU-2 with TEPA loadings of 20 wt% to 60 wt% indicated the second weight loss around
190 ◦C to 290 ◦C, where the degradation temperature range was close to that of pure
TEPA (approximately 260 ◦C). Therefore, this drastic weight loss was attributed to the
decomposition of amine groups present in the impregnated TEPA on the adsorbent surface,
as well as TEPA volatilization [11,25,26]. As the TEPA loading increased from 20 wt% to
60 wt%, the second-step weight loss also increased from 16.53% to 52.95% as shown in
Table 3. As shown in Figure 5, the total weight loss of the samples increased when the TEPA
loading increased from 20 wt% to 60 wt%. The higher the TEPA loading functionalized
onto the samples, the higher the total weight loss of the samples. This was because when
the samples functionalized with higher amounts of TEPA were heated in the TGA analysis,
larger amounts of amine groups were decomposed, and therefore higher total weight losses
were displayed by the samples functionalized with higher TEPA loadings.
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3.6. Effect of TEPA Loading on CO2 Adsorption Capacity of Adsorbents

CO2 adsorption experiments with unfunctionalized and TEPA-functionalized MSU-2
were conducted at 40 ◦C and 1 bar of pressure and the results, with standard deviations of
0.03–0.18, are shown in Figure 7.
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Compared to the unfunctionalized MSU-2, the average CO2 adsorption capacity of
TEPA-functionalized MSU-2 with different TEPA loadings showed a significant increase.
Although the unfunctionalized MSU-2 possessed an average CO2 adsorption capacity of
0.63 mmol-CO2/g-adsorbent, which is relatively lower than that of TEPA-functionalized
MSU-2, this value is comparable with the CO2 adsorption capacities of various unfunc-
tionalized mesoporous silica adsorbents reported in previous research works [11,26,29,43].
This is due to the weak affinity of the silanol hydroxyl groups of unfunctionalized MSU-2
towards CO2 gas molecules. However, after TEPA impregnation, the amino groups in
TEPA molecules showed high affinity with the CO2 gas molecules, thus promoting stronger
interaction between the adsorbent surface and gas adsorbate molecules through the for-
mation of carbamates. In accordance with this, the TEPA-functionalized MSU-2 showed a
higher CO2 adsorption capacity [11].

Furthermore, with increasing TEPA loadings, the average CO2 adsorption capacity
of the TEPA-functionalized MSU-2 also increased until it reached a maximum value of
3.38 mmol-CO2/g-adsorbent at 40 wt% TEPA loading. However, a further increase in
TEPA loading up to 60 wt% caused the average CO2 adsorption capacity to decrease to
1.23 mmol-CO2/g-adsorbent. These results indicate that the optimum TEPA loading in the
current study was 40 wt%, which is also in accordance with the characterization results
obtained from SAP and XRD analysis. At low TEPA loadings, which were below the
optimum loading, a larger amount of approachable adsorption active sites was available
on the adsorbent surfaces, with increasing amounts of TEPA being impregnated, thus
adsorbing more CO2 gas molecules. However, this relationship was limited by the specific
surface area and the total pore volume of the unfunctionalized MSU-2. This is due to the
fact that there was a point at which the mesopore channels of the unfunctionalized MSU-2
were fully filled with TEPA, leading to the blockage of pores [26]. Then, the excess TEPA
started to cover the outer surface of the adsorbent particle, preventing CO2 gas molecules
from being diffused into the pore channels and from reaching the adsorption sites [43].
Thus, a lower amount of CO2 gas molecules was adsorbed by the TEPA-functionalized
MSU-2 with TEPA loadings beyond the optimum amount.
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4. Conclusions

In the current study, unfunctionalized MSU-2 was successfully synthesized via a
fluoride-assisted two-step process of solution precipitation and TEPA was successfully
impregnated onto MSU-2 through the wet impregnation method as verified by SAP, CHNS,
XRD, FTIR, and TGA analyses. Moreover, SEM analyses indicated that the monodisperse
microspherical morphology of the MSU-2 was not destroyed in the TEPA functionalization
process. However, with increasing TEPA loadings, the BET specific surface area and the
total pore volume of the adsorbent samples, as measured through SAP analysis, decreased,
whereas the CHNS analysis showed an increase in the N content, indicating a larger
amount of impregnated TEPA. Furthermore, the intensities of TEPA-functionalized MSU-2
in XRD analysis were lower than that of unfunctionalized MSU-2 due to the reduction in
crystallinity that occurred after TEPA impregnation. Moreover, the functionalization of
TEPA onto MSU-2 caused the shifting of absorption bands and the appearance of new bands
in the FTIR spectra of TEPA-functionalized MSU-2, indicating bonding between the surface
hydroxyl groups of MSU-2 and amine groups in TEPA. In addition, TGA profiles indicated
that the total weight loss was higher for the TEPA-functionalized MSU-2 with higher
TEPA loading. Lastly, based on CO2 gas adsorption experiments conducted at 40 ◦C and
1 bar of pressure, we found that the functionalization of TEPA significantly enhanced the
CO2 adsorption capacity of MSU-2. In conclusion, based on the comprehensive outcomes
obtained from the characterization and CO2 adsorption experiments, the optimum TEPA
loading was 40 wt%, with TEPA(40)/MSU-2 possessing an average CO2 adsorption capacity
of 3.38 mmol-CO2/g-adsorbent.
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