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Abstract

Growing concern about global warming and greenhouse effects has led to persistent demands for increased energy effi-
ciency and reduced carbon dioxide emissions. As a result, energy-intensive processing of carbon dioxide separation became
imperative. Accordingly, energy-efficient, economically viable carbon dioxide separation technologies are sought as carbon
dioxide capture options for future industrial process schemes. The article provides an overview of current technology for
the separation of carbon dioxide, specifically focusing on adsorption. In this study, amine-loaded Zeolite-Y adsorbents were
evaluated to enhance carbon dioxide adsorption capacity through synthesis, characterization, and the adsorption of carbon
dioxide, within the context of current trends in separation technology. This study aims to study the ability of amine-loaded
Zeolite-Y to adsorb carbon dioxide using three different loadings ethanolamine, diethanolamine, and triethanolamine. The
amine-loaded materials were characterized by various technologies, including X-ray diffraction pattern (XRD), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), Brunauer—Emmett-Teller (BET), and field
emission scanning electron microscope (FESEM) studies. The study suggests that monoethanolamine-loaded Zeolite-Y is
a promising and cost-effective adsorbent for carbon dioxide adsorption in comparison to other synthesized amine-loaded
adsorbents. The adsorbent has been able to adsorb carbon dioxide in the range of 1.14-2.26 mmol g~' at 303 K and 1 bar
for a loading of 1, 5, and 10 wt.% amine groups.

Keywords Zeolite-Y - Adsorption - Global warming - Greenhouse effect - Amine groups

Introduction post-combustion capture, and industrial process streams
have been suggested as large-scale viable methods (Herzog

Carbon dioxide (CO,), a greenhouse gas, has a serious issue ~ 2015). There have been intensive and long-term studies on

in terms of global warming. The CO, produced through
point sources, such as fossil fuel-powered power plants,
must be therefore captured, utilized, and stored (CCUS).
For this purpose, oxygen-fuel-based capture, pre- and
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the industrial usage of alkanolamine solutions for post-com-
bustion CO, capture (D’Alessandro et al. 2010). However,
inherent limitations exist for such processes and these refer
to potential environmental and health concerns due to vola-
tile amine loss, corrosion problems, and high energy require-
ments for solvent regeneration (Nguyen et al. 2011). As an
alternative to these limitations, solid CO, adsorbents have
been suggested due to their non-corrosive characteristics and
lower energy requirements (Figueroa et al. 2008).

Several gas streams, including flue gasses, are well-
suited for CO, capture with different amine groups because
of their reversible reactions with CO,. As a result, amine-
functionalized adsorbents have been extensively studied for
post-combustion CO, capture as they can effectively adsorb
CO, even at its low concentrations (10-15%) and also in the
presence of moisture (McDonald et al. 2012). The amine-
functionalized adsorbents can be synthesized physically by
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impregnating amines onto porous supports (Siriwardane
et al. 2005; Jadhav et al. 2007; Chatti et al. 2009), chemi-
cally by grafting amines onto the pore surface (Sayari and
Belmabkhout 2010; Bollini et al. 2012; Heydari-Gorji and
Sayari 2012), or through in situ polymerization of amine
monomers within the pores (Qi et al. 2014; Newton Augus-
tus et al. 2017).

The CO, adsorption on amine-modified adsorbent
involves the development of an adsorbent comprising a
porous support and an amine attached to it. Various porous
supports have been tested for amine heterogenization. These
include mesoporous silica (Han et al. 2015), carbon-based
adsorbents (Yang et al. 2012), zeolites (Shao et al. 2009),
and MOFs (Dang et al. 2015; Unveren et al. 2017; Yoo et al.
2018).

Among all studied adsorbents, zeolites possess a very
good CO, sorption capacity of 1.17-5.11 mmol g lat25°C
and 1 bar (Akhtar and Bergstrom 2011; Espejel-Ayala et al.
2014; Nakrani et al. 2017; Khaleque et al. 2020). Thus, they
are one of the most cost-effective CO, capture adsorbents. A
zeolite’s adsorptive affinity for CO, molecules occurs due to
the interaction between its electric field and CO, molecules’
quadrupole moment. The unique properties of zeolites, such
as ion exchange capability, high thermal stability, molecular
sieving, shape selectivity, adsorption capability, and acidity
or basicity based on cation types, received attention for a
wider utility in petrochemical, fine chemical, and environ-
mental protection fields. Further, their shape-selective cata-
lytic properties are also well explored along with adsorption
and separation properties. Zeolite-Y is one of the most used
zeolites for catalytic cracking, adsorption, and separation
processes. This is due to inherent structural and surface
properties (Corma 1997, 2003; Zaarour et al. 2014; Sun
et al. 2016). The crystalline frameworks of Zeolite-Y pos-
sess large internal and external surfaces and thereby create a
major channel for substance transport (Camblor et al. 1989;
Li et al. 2005; Lutz 2014).

Few articles were reported on sorption characteristics of
amine-functionalized Zeolite-Y60 (AFZ). Su et al. (2010)
reported AFZ adsorbent with 50 wt.% loading of TEPA on
Zeolite-Y60. The highest adsorption capacity was recorded
at 60 °C and in the range of 2.5-4.27 mmol g~! for flue
gas stream condition (15% CO,, 7% H,0, and balance N,).
The AFZ exhibited a stable performance during prolonged
cyclic operation. The CO, adsorption capacity of hydro-
philic adsorbents, like Zeolite-13X, may decrease in the
presence of moisture, whereas it could potentially increase
for hydrophobic sorbents, such as Y60-(TEPA).

Babaei et al. (2017) conducted CO, adsorption studies
for 50 wt.% TEPA-loaded NaY zeolite sorbent. The pure
CO, adsorption capacity of the adsorbents ranged from 1.77
to 2.11 mmol g~! at 75 °C. The adsorption behavior could
be attributed to a strong diffusion-controlled process. The
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mechanism of the CO, adsorption on pure NaY is entirely
based on a physical interaction process. However, its behav-
ior changes to chemical interaction after amine modification.
Thus, with increased temperature, chemical reactions occur
between the amino groups and CO, and thereby produce the
carbamate species which facilitates better CO, adsorption.

Tejavath et al. (2021) studied CO, capture on three
amine-modified zeolites (13X, 4A, and 5A) using 99.99%
pure CO, gas at different temperatures (25, 50, 75, and 100
°C). Zeolites were impregnated with four different amines
(DETA, EDA, MEA, and TEA) to study CO, absorption
performance. The DETA-loaded Zeolite-13X adsorbent
(40-DETA-13X) showed maximum CO, adsorption capac-
ity (1.054 mmol g~!) at 75 °C. It is mainly the diffusion-
controlled mechanism of filling the pores of zeolites with
DETA and other amines that limits the porosity of zeolites at
temperatures up to 75 °C, thereby increasing the availability
of CO, adsorption sites.

Dinda et al. (2019) used fixed-bed flow reactors to study
CO, adsorption from simulated gas mixtures (15 vol.% CO,,
balance N,). Zeolites ZSM-5, Zeolite-Y, and Zeolite-13X
were used as support materials. To investigate the perfor-
mance of the adsorbents for CO, adsorption in the tempera-
ture range of 30-60 °C, four different types of amines (MEA,
EDA, DETA, and TETA) were impregnated (5-40 wt.%)
on various support materials. As amine loading increases
up to 30 wt.%, the CO, adsorption capacity increases, and
afterward, a decreasing trend was observed. The CO, uptake
capacity of MEA-, EDA-, and DETA-loaded adsorbents
decreased with increasing adsorption temperature. TETA-
loaded adsorbents exhibit their maximum capacity at 50 °C,
and the 30-TETA-ZSM-5 sorbent has a capture capacity of
1.20 mmol g™, In the presence of amine compounds, more
basic sites are available for the chemisorption of CO,, which
is favored by surface area and pore volume analysis.

This article aims to develop amine-functionalized Zeolite-
Y to enhance its carbon dioxide adsorption capacity. The
impregnation method was used to functionalize the support
material by using primary (monoethanolamine), second-
ary (diethanolamine), and tertiary (triethanolamine) amine
groups. In addition, different characterization techniques
were used to characterize the materials. The amine-modified
adsorbents were tested for CO, absorption at atmospheric
pressure (1 bar) and low adsorption temperature (303 K).

Experimental procedure
Synthesis method
In this study, three different amine loadings were used to

prepare amine-functionalized adsorbents (1 wt.%, 5 wt.%,
and 10 wt.%) with monoethanolamine, diethanolamine, and
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triethanolamine using wet impregnation method. The mate-
rials used in this study were methanol (99.5%, C,H4O) from
Sigma Aldrich, all three amine compounds (98%) were pro-
cured from Sigma Aldrich, and the support material Zeolite-
Y (Si/Al ratio 5.1:1) was purchased from Alfa Aesar.

The support Zeolite-Y was calcinated at high tempera-
tures for 4 h to remove volatile materials. Then, the Zeolite-
Y powder was agitated in methanol for 60 min and at a solid-
to-liquid ratio of 1:2. After this, the solution was air-dried
for 180 min at the ambient temperature. The impregnation
method was used to modify Zeolite-Y by adding amine solu-
tions in methanol at 10 wt.% concentration for 20 min. Then,
the amine solution was added to air-dried zeolite and stirred
for 120 min. Consequently, the adsorbents were separated
from the solution using filtration and were dried in an oven
at 140 °C for 180 min (Babaei et al. 2017). As a result, the
Zeolite-Y modified with 1 wt.%, 5 wt.%, and 10 wt.% of
monoethanolamine loading were designated as MEOH1,
MEOHS5, and MEOH10. A similar process was carried out
with diethanolamine (DEOH) and triethanolamine (TEOH)
to realize amine-loaded adsorbents with similar designations
(DEOH1, DEOHS5, DEOH10, TEOH1, TEOHS, TEOH10).

Material characterization

Adsorbent thermal properties were measured using a thermo-
gravimetric analyzer (model: STA449F3A00 by Netzsch) in
a nitrogen atmosphere, with a temperature range of 20-600
°C and a heating rate of 10 °C min~!. The surface area of
the adsorbents was characterized using nitrogen adsorption/
desorption isotherms. Using the Brunauer—Emmett—Teller
method, the specific surface area was evaluated for relative
pressures (P/P,) ranging from 0.05 to 0.30. Before the analy-
sis, the sample was degassed at 150 °C using a volumetric
gas adsorption device (Quantachrome Instrument, Autosorb,
IQ MP). X-ray powder diffraction analysis of the adsorbents
was performed (Rigaku Technologies, Japan, model: Smart-
lab) with Johansson Kal optics scheme operated at a 9 kW
rotating anode X-ray source in the range of 2° < 26 < 40°.

A field emission scanning electron microscope (make: Zeiss,
model: Sigma 300) operated at 50kx and 5 kV was used to
analyze the surface morphology. A Fourier transform infra-
red spectroscopy instrument (model: Spectrum Two) was
used to confirm the presence of amine groups of the synthe-
sized adsorbents in the 4000-400 cm~! wavenumber range.
This study collected X-ray photon spectroscopy (XPS) data
using an AXIS Supra (make: Kratos Analytical Ltd) with a
monochromatic X-ray source: Al Ko at 1486.7 eV. With this
technique, the surface of a sample material is bombarded
with high-energy X-rays (< 1 keV), and the kinetic energy
of the emitted electrons is measured. In addition, the mate-
rial to be investigated should be properly dried and remain
stable in an ultrahigh vacuum environment.

Adsorption setup

A volumetric gas adsorption analyzer (Quantachrome
iSorbHP1-XKRLSPN100) at 303 K and a pressure range of
0.02-1 bar was used for the determination of CO, adsorption
of amine-functionalized adsorbents. Approximately, 200 mg
of adsorbent was taken in a sample holder and it was fitted
to the analysis port. The system was degassed at 423 K for
180 min to remove the pre-adsorbed gasses by filling the
system with helium gas. In order to conduct the analysis, the
sample was maintained at 303 K using a recirculating bath.
The amount of carbon dioxide adsorbed was determined by
measuring the change in gas volume.

Results and discussion

This study investigated the thermodynamic properties of dif-
ferent loadings of amine groups on Zeolite-Y.

Material characterization

Figure 1a shows the thermal behavior of all the amine-loaded
zeolites. They were obtained with the TGA instrument under

Fig.1 a TGA curve and b XRD (b)
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N, conditions. The characterization was carried out in a tem-
perature range of 25 to 600 °C and at a heating rate of 10 °C/
min. It was observed that a two-step decomposition process
occurred in the synthesized adsorbents (between 25 and 200
°C and 200 and 600 °C). The TGA profile indicated that the
physically adsorbed water molecules got desorbed in the first
step. The second region in the range of 200 °C and 600 °C
can be attributed to the volatilization of the entrapped amine
material. The heat treatment of materials from 160 to 600
°C did not result in significant weight loss. This confirmed
the high thermal stability of all the synthesized samples. The
mass loss profile showed a larger variation in the order of
MEOH < DEOH < TEOH loaded zeolite adsorbents, which
follows the boiling point order (MEOH < DEOH < TEOH).

X-ray diffraction was used for the determination of crys-
tallinity in functionalized and commercial samples. Fig-
ure 1b shows the XRD patterns of Zeolite-Y and amine-func-
tionalized Zeolite-Y. Based on the X-ray powder diffraction
of amine-functionalized Zeolite-Y, it appears that the crystal
structure of Zeolite-Y was retained even after the modifi-
cation. This conveys that the impregnation process did not
affect crystallinity in any of the synthesized samples. Also,
the diffraction peaks located at 20 values of 6.28°, 15.82°,
and 23.86° can be seen in all the samples. This indicates the
presence of an ordered hexagonal structure.

Figure 2 depicts nitrogen adsorption-desorption iso-
therms of amine-functionalized Zeolite-Y samples. For this
case, a typical type-IV adsorption isotherm exists along
with a hysteresis loop. This conveyed a uniform mesoporous
structure since the high volume of nitrogen got adsorbed at
very low relative pressures. Therefore, marginally higher
nitrogen uptake observed at lower pressures, in the range
of 0.0-0.1, can be probably attributed to the fact that amine
groups added to the pure Zeolite-Y occupy the surface and

300
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B
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20 ’ MEOHS
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S50
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Fig.2 Nitrogen adsorption isotherms at 77 K of the amine-function-
alized Zeolite-Y
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pore openings of the support. The relative pressure in the
range between 0.3 and 0.4 has a steep capillary condensation
inflection. This was confirmed by the narrow pore size dis-
tribution in mesoporous materials. A sharp increase of rela-
tive pressures in the range of 0.9—1.0 was prevalent in some
isotherms. This is probably due to multilayer adsorption.
The Zeolite-Y being impregnated with other amine groups
and at various amine loadings, affirmed progressive decline
in the nitrogen uptake with the increasing loading.

Table 1 shows the surface properties of amine-function-
alized Zeolite-Y. The surface area, pore volume, and pore
size were determined using N, isotherms. For enhanced
amine loading, the specific surface area and pore volume are
reduced at a progressive rate. This indicated that the amine
groups filled the pores and prevented nitrogen from being
adsorbed. Zeolite-Y loaded with the lowest amine wt.% and
the commercial Zeolite-Y had similar surface characteristics.

Figure 3 shows the FTIR spectra of Zeolite-Y and the
amine-functionalized Zeolite-Y adsorbents. All the sam-
ples exhibited symmetric T-O bands at 450 cm™! (T: Si or
Al) resulting from internal vibrations of the TO, (SiO, and
AlO,) tetrahedron framework. Additionally, the spectrum
suggests that the tetrahedral units are externally linked at
590 cm™', and confirmed secondary building units (SBU)
and external linkage. The IR spectrum of samples con-
veyed significant bands at 810 cm™', which are related
to T-O-T (Si—O-Si or Si—O—-Al) symmetry stretching
(external linkage to symmetric stretch reflecting struc-
ture). The strongest vibration at 1029 cm™! occurred due
to an asymmetric stretching mode O-T-O that involved
motions primarily associated with oxygen atoms. The
sample’s IR spectra affirmed a peak at 1633 cm™' related
to O-H stretching, which is due to the existence of water
molecules. The peak intensities of synthesized samples
corresponding to the Zeolite-Y structure reduced after
amine loading. The peaks found in the region 3387 cm™!
provide important information on impregnated amine
groups (Su et al. 2010). In comparison to Zeolite-Y and

Table 1 Textural properties of amine-functionalized Zeolite-Y

Adsorbent Sppr (M%/g) V. (cclg) P.D.,, (nm)
YZC 355.26 0.24 2.73
MEOH1 308.08 0.22 1.88
MEOHS5 286.60 0.20 2.03
MEOH10 212.75 0.15 2.60
DEOH1 280.29 0.18 2.01
DEOHS5 269.82 0.17 2.73
DEOH10 192.61 0.13 3.27
TEOH1 266.82 0.16 2.68
TEOH5 206.83 0.14 3.90
TEOH10 101.02 0.11 4.48
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Fig.3 FTIR spectra of Zeolite-Y and amine-functionalized Zeolite-Y adsorbents

amine-functionalized samples, the presence of an addi-
tional peak can be observed for amine-loading with N-H
stretching on the surfaces of adsorbents.

Figure 4 shows the SEM images of Zeolite-Y before
and after amine loading. All the samples being character-
ized at 5 kV acceleration voltages have been presented
at a magnification of 50kX. The primary tetrahedral and
secondary hexagonal structures of Zeolite-Y were intact
even in the amine-modified samples. This indicates that
the morphology of Zeolite-Y support did not change even
after amine loading, which is also in alignment with the
literature (Tejavath et al. 2021).

Parameters effect for CO, adsorption

During adsorption equilibrium measurements, 99.9% pure
carbon dioxide gas was used. Using a volumetric adsorption
system, the adsorption equilibrium of carbon dioxide gas
on synthesized adsorbents was determined at 303 K. Before
each isotherm measurement, the sample was degassed by
heating to 423 K under vacuum before the measurement.
Volumetric adsorption systems include a section of the
system with a known volume, called the manifold. Using
high-sensitivity pressure sensors, the exact amount of gas
enclosed in these areas can be determined at any given time
with the pneumatic valves connected to the system.

e
L Wl
-

’—{“ e 30Ny Mag= 2000KX

Fig.4 SEM images of a YZC, b MEOH1, ¢ MEOHS5, d MEOH10, e DEOH]1, f DEOHS, g DEOH10, h TEOH1, i TEOHS, and j TEOH10
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Effect of amine groups

In this study, the amine-loaded Zeolite-Y was used to adsorb
carbon dioxide. During such sorption, some of the CO,
diffused into the adsorbent pores (physisorption), and the
remainder reacted with the active amino sites. In empirical
studies, it was affirmed that both Zeolite-Y and amine con-
tribute to CO, adsorption. FTIR spectra of the synthesized
samples indicated the presence of amine groups and these
functional amine groups act as active sites for CO, adsorp-
tion. The Si—~OH-AI clusters on Zeolite-Y surfaces serve as
a link to connect amine molecules.

Figure 7 depicts the CO, sorption capacities of different
amines (MEOH, DEOH, and TEOH). Figure 5 illustrates the
molecular structures of the amines and their reactions with
CO,. MEOH exhibited good adsorption capacity due to its
simple molecular structure and a terminal -NH, group which
easily reacted with CO,. The steric hindrance of DEOH and
TEOH limits molecular contact with CO,. Hence, DEOH
has lower adsorption capacity in comparison to MEOH due
to the relatively larger molecules. In addition to steric hin-
drance, TEOH reacts with CO, only in the presence of water
resulting in its lowest adsorption capacity (Ko et al. 2011).
The BET analysis of the samples discussed in the “Mate-
rial characterization” section also supports the decreasing
adsorption capacity of the synthesized samples. During the
amine modification of the zeolite using wet impregnation
method, the amine molecules occupy the surface and pores
of the zeolite sample which could be confirmed from the
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decrease in surface area and average pore size of the sam-
ple. As a result of combined effect of steric hindrance and
decreasing surface area, the CO, adsorption capacities of
the synthesized samples decreased in the order of MEOH
< DEOH < TEOH. The CO, adsorption tests carried out
in this study were performed under anhydrous conditions.
Under these circumstances, CO, binding to tertiary amines
is very difficult.

CO, + 2RNH, < RNHJ + RNHCOO"~ 1)

CO, + 2R,NH < R,NH; + R,NCOO~ )

The reaction of primary and secondary amine groups with
carbon dioxide results in the formation of carbamate ion as
shown in Egs. (1) and (2).

XPS measurements were performed on synthesized
adsorbents after carbon dioxide adsorption to evaluate the
adsorption mechanism of carbon dioxide on amine-loaded
adsorbents. In the high-resolution XPS analysis of the Cls
spectrum, three distinct peaks were observed at 284.49 eV,
286 eV, and 288.54 eV, as illustrated in Fig. 6a and b. These
peaks are associated with the C-H, C-N, and O=C-N spe-
cies, respectively (Liu et al. 2012; Zangmeister et al. 2013).
However, in Fig. 6¢, the Cls spectrum displays only two
peaks at 284.49 eV and 286 eV, corresponding to C—H and
C-N species, respectively. Therefore, both primary and
secondary amine-loaded adsorbents exhibited adsorption
mechanisms. Figure 6¢ shows a lack of adsorption peak

H HO c H
H H——C——H
Co: |
H C N
0
9 [} o o
Al si Al
o o o o o6 o
H H (&} o
x
e
N C c H
H H H H
H OH CO: C C N c c H
—

Al

o o



Environmental Science and Pollution Research

() (b)
3 S 3
S, S 8
2 2 2
= =] =1
e 2 2
= =] =
T T T T T T
280 285 290 295 280 285 290 295 280 285 290 295

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig.6 High-resolution XPS spectra of Cls for a monoethanolamine-, b diethanolamine-, and ¢ triethanolamine-loaded adsorbents

. . 25
Fig.7 CO, a.dsorptlon at303 K 1.84{(a) [ = MEOHI o DEOHI A TEOHI]| (b) [= MEOHI e MEOHS & MEOHI0
a effect of primary, secondary, . .
and tertiary amine groups, and 1.6 3 20 N
U *
b effect of 1 wt.%, 5 wt.%, and 144 ] e A
10 wt.% monoethanolamine ~ 12 ] — ¢ A "
H ' T - [
loading %0 : L4 Top 1.5 1 o A .
g 1.0 H A g L4 A n
g A b=} u
=08 ' S10- © .
Z . a 4 e * m
0.6 A "
L[]
A
0.5+
0.4 °
s 4 :
024 4
T T T T T 0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

P (bar)

for O=C-N, which may indicate that there is no adsorption
between tertiary amines and carbon dioxide.

Effect of amine loading

Using a volumetric adsorption system, the adsorption
capacity of CO, for modified Zeolite-Y adsorbents at
303 K as a function of MEOH loadings (1 wt.%, 5 wt.%,
and 10 wt.%) has been depicted in Fig. 7. According to
the obtained results, CO, adsorption capacity increased
from 1 to 5 wt.% amine loading (2.13-2.26 mmol g~
but decreased for 10 wt.% amine loading case (1.7 mmol
g™"). A higher MEOH loading (< 5 wt.%) resulted in the
maximum pore blocking of the zeolite structure. As a
result of this, the zeolite surface available to adsorb CO,
decreased greatly and the diffusion barrier also increased.
Therefore, support pore structure is not the only factor
to influences CO, adsorption capacity. However, MEOH
supported on mesoporous Zeolite-Y barely adsorbs CO, at
room temperature at such a higher loading of the amine.
Thus, adsorbents with low loadings will circumvent the
adverse effect of diffusion limitation at room tempera-
ture. MEOH loading of 5 wt.% affirmed a maximum CO,
adsorption capacity of 2.26 mmol g~' at 303 K and 1 bar

P (bar)

pressure for pure CO,. The MEOH dispersion within the
support cage-like structure can significantly enhance the
CO, adsorption capacity.

The CO, adsorption capacities of the synthesized
samples in the present work are compared with the exist-
ing literature data in Table 2. All the synthesized sam-
ples exhibited superior surface area, pore volume, and
CO, adsorption capacities. The MEOH modified zeolite
(MEOHS) sample exhibited highest adsorption capacity
and the effects of amine loading were discussed above.

Adsorption isotherm

A virial adsorption isotherm model was used to ana-
lyze the CO, adsorption behavior of amine-functional-
ized adsorbents as shown in Fig. 8. The isotherm model
has been used to determine the adsorbent’s affinity and
thermodynamic properties for the design of an adsorp-
tion system. The virial isotherm model used for fitting
experimental CO, adsorption data is represented in Eq. 1.
Accordingly, the isotherm plot illustrates the model data
at 303 K and 0.1-1 bar pressure intervals.

@ Springer



Environmental Science and Pollution Research

Table 2 Comparative evaluation of amine loading adsorbents for pure CO, adsorption at atmospheric pressure

Support Amine group Amine loading T (°C) Sger (M,/g) Vot (€m*/g) CO, capacity Ref.
(Wt.%) (mmol g1
NaY TEPA 50 75 172 0.148 2.11 (Babaei et al. 2017)
NaY DEA 50 75 - - 1.77 (Babaei et al. 2017)
NaY 2-MAE 50 75 - - 1.94 (Babaei et al. 2017)
Zeolite-13X DETA 40 75 35.43 0.993 1.05 (Tejavath et al. 2021)
Zeolite-13X TEA 40 75 30.75 0.995 0.11 (Tejavath et al. 2021)
Zeolite-13X MEA 40 75 - - 0.37 (Tejavath et al. 2021)
Zeolite 4A TEA 40 75 - - 0.37 (Tejavath et al. 2021)
Zeolite 4A MEA 40 75 - - 0.24 (Tejavath et al. 2021)
Zeolite SA TEA 40 75 - - 0.24 (Tejavath et al. 2021)
Zeolite SA MEA 40 75 - - 0.04 (Tejavath et al. 2021)
Zeolite-Y MEOH 5 30 286.60 0.20 2.26 Present work
Zeolite-Y DEOH 30 269.82 0.17 1.84 Present work
Zeolite-Y TEOH 30 206.83 0.14 1.62 Present work
Fig. 8 a Monoethanolamine, b 2.5 ( e MtonS A NEOTI e MEomo 2.5 -
diethanolamine, and c trietha- a) ; : — (b) [ ® DEOHs 4 DEOHI ¢ DEOHIO
nolamine adsorption isotherms 204 204
for (A) 1 wt.%, (@) 5 Wt.%,
and (@) 10 wt.%. Symbols are _ =
experimental data; lines are e 1151 Top 1151
fits obtained using virial model g 2
£ £
parameter E 0 < )
Z 10 > 10
0.5 0.5+
0.0 : : , , , 0.0 . ; : . .
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 12
P (bar) P (bar)
2.5 -
(c) | e TEOHS A TEOHI 4 TEOHIO
2.0
ENEE
E
g
> 1.0
0.5
0.0 : : . : .
0.0 02 0.4 0.6 038 1.0 1.2
P (bar)
N 2 ﬁ 1
where P stands for pressure (bar), and N stands for amount
adsorption (mmol g~'). Apart from Henry’s constant (3) 0 b'
IR .. . i) b=">b"exp| — (5)
(mmol g~ bar™"), two virial coefficients b (mmol™" g) and T

¢ (mmol~2 g?) are also included in the above expression.
Generally, these parameters depend upon temperature as:
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1
c= c%xp(%) 6)

In the above expressions, T represents the system tem-
perature in Kelvin. The model was used to obtain type I CO,
isotherm with good fitting at ambient temperatures (303 K).

The expression revealed that the virial isotherm was
independent of saturation capacity. In the literature (Bar-
rer and Lee 1968), a different version of the equation exists
that incorporates saturation capacity. Virial isotherms with
a second or third truncated virial coefficient are capable of
correlating gas—solid equilibrium data with high accuracy.
Virial adsorption isotherms can very effectively describe
heterogeneous surfaces of adsorbents which possess many
types of adsorption sites.

The CO, adsorption of all synthesized adsorbents
increased gradually with increasing pressure. Adsorbents
with a 5 wt.% amine loading affirmed the best CO, adsorp-
tion capacity at 303 K and 1 bar. This is due to the large
number of amine functionalities that act as CO,-affinity
sites on the sorbent. The gradual increase in CO, adsorp-
tion could be due to the initial packing of CO, molecules
in monolayers and then in multilayers. CO, adsorption can
also occur inside amine-loaded pores, or on their external
surfaces. This is because most exposed amine sites are
already occupied by CO,. The larger molecular structure of
DEOH molecules possessing two alkyl groups connected to
the central “N” may contribute less to the CO, adsorption

capacity of the sorbent and accordingly reported low CO,
uptake in comparison to MEOH functionalized adsorbents.
The structure or type of an amine molecule influences CO,
adsorption on the adsorbent. In comparison to MEOH and
DEOH, TEOH has a larger molecular structure with three
alkyl groups on the central atom. CO, adsorption capacity
is lower for TEOH-functionalized adsorbents than for either
MEOH- or DEOH-functionalized adsorbents. It could be
due to the presence of three bulky alkyl groups on the central
“N” atom causing steric hindrance for CO, adsorption.

Adsorption enthalpy

Based on the virial adsorption isotherm, the following equa-
tion relates to the total amount of heat generated due to reac-
tions between absorbent and CO,. For the heat of adsorp-
tion, the enthalpy of the standard state is computed with the
determination of the heat of adsorption generated per mole
of CO,. Amine structure is one of the main factors that affect
heat adsorption (Kim and Svendsen 2007).

—Ah
R

W = B, +b,N + ¢, N? (7)

Figure 9 depicts the heat of absorption (—Ah,,,) gener-
ated by amine-functionalized adsorbent at 303 K. The heat
adsorption at initial loading is extremely important as it
represents the adsorption enthalpy at the strongest site and

Fig.9 Heat of adsorption at 22.7

22.00

. . . a
zero loading of amine-function- 22.6 @ 21.954 (b)
alized Zeolite-Y 2.5 21.90 4
7, 2244 ~ 2185
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2 E 21.754
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< < 21651
21.60 4
21,55
2150
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220
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2194 (©
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- 2174
S
g 216
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24 215
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confirms its surface heterogeneity. At nearly zero loading,
all graphs show relatively high adsorption enthalpy, which
decreases with increasing amine loading. The negative val-
ues of —Ah, confirm the exothermic adsorption of CO,.
According to the thermodynamic analysis, the higher heat
of adsorption value for MEOH-loaded adsorbents conveyed
that they have a higher CO, interaction potential.

While MEOHS is considered to be the most efficient
absorbent in the absorption process, it assured the highest
heat of absorption value of 22.59 kJ mol™' CO,. The lowest
absorption rate was achieved for TEOH10, a tertiary amine
(lowest heat of absorption value of 21.09 kJ mol~! CO,).
The heat of adsorption was observed to be as per the order
of TEOH < DEOH < MEOH in the synthesized sorbents.
Adsorption processes generally involve physical adsorp-
tion with enthalpy changes in the range of 20-40 kJ mol~".
Similarly, chemical adsorption assures enthalpy changes in
the range of 40400 kJ mol~! (Zhou et al. 2012). Thus, the
amine-loaded adsorbents are likely to strongly physisorbed
carbon dioxide.

Cyclic study

A series of four continuous adsorption-desorption cycles
have been performed in the adsorption setup to investi-
gate the cyclic performance of the optimized adsorbent
(MEOHS). During each cycle, the adsorption process is per-
formed at 303 K and up to 1 bar with pure carbon dioxide
gas. Regeneration of the adsorbent was performed at 423 K
in a pure helium atmosphere under vacuum conditions to
remove strongly adsorbed water molecules and make free
adsorption sites available in small cages.

Figure 10 shows the CO, adsorption capacity of the
adsorbent in the first cycle at 2.26 mmol CO,/g. As a result,
the CO, adsorption capacity of MEOHS5 decreased to 2.19
mmol CO,/g after four cycles, indicating that MEOHS5 may
be used for longer-term processes without major adsorption
loss. All adsorption-desorption cycles had similar behavior
with a small deviation over the four cycles studied. Accord-
ing to these results, it is mainly a physisorption process in
which the adsorbent structure remains mechanically stable
and there was oxidative degradation of the amine component
to form amide, nitrite, and imine phases, which results in the
deactivation of the adsorbent, resulting in a decrease in the
CO, adsorption capacity (Huang et al. 2023).

Conclusion
The effects of monoethanolamine (MEOH), diethanola-
mine (DEOH), and triethanolamine (TEOH) functionali-

zation on highly ordered mesoporous Zeolite-Y adsorbent
was compared for the pure CO, case using a volumetric
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Fig. 10 Cyclic adsorption-desorption performance of MEOHS adsor-
bent

adsorption system. Various characterization techniques and
CO, adsorption thermodynamics models were used to verify
the results. The amines were well distributed on the surface
and also effectively filled the Zeolite-Y pore space. Amine
loading higher than 5 wt.% was probably effective in coating
the external surface of the support material. In this study,
MEOHS, DEOHS, and TEOHS showed maximum adsorp-
tion capacities of 2.26, 1.84, and 1.62 mmol of CO, per g
adsorbents, respectively. Hence, MEOH-loaded adsorbent
was the suitable CO, adsorbent. Physical adsorption was the
primary mechanism for CO, adsorption and the functional
—NH,, -NH, and —N groups of the amines served as active
sites. According to a thermodynamic perspective, the experi-
mental results for CO, adsorption were well concordant with
the virial adsorption isotherm. Based on thermodynamic
analysis, the corresponding heat of adsorption increased
in the order MEOH > DEOH > TEOH. This is consistent
with affirming a higher interaction potential between the
adsorbate and adsorbent molecules. The monoethanolamine
functionalized Zeolite-Y adsorbent can effectively mitigate
well-known issues associated with high carbon capture
costs, thus offering a promising application for future CO,
capture procedures.
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