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Abstract In this study, polyethyleneimine-mesoporous
silica composite materials were prepared and the effec-
tiveness of the promising sorbents in adsorbing CO,
was evaluated, along with the impacts of the silica sup-
port types (Mesoporous Silica Nanoparticles (MSN)
and Mobil Composition of Matter No.48 (MCM-48)),
polyethyleneimine (PEI) loading percentages (50 and
70 wt.%), calcination, surface functionalization by alkyl
chains (CTMABY), and adsorption temperature (75 and
100 °C). The analysis’s results revealed that the pores of
the sorbents were mostly covered with PEI molecules
following PEI-functionalization, and the specific sur-
face area and pore volume were also reduced with rising
amine content. The highest CO, adsorption capacities
were achieved for UC-MCM-48-50 and UC-MSN-50
at 2.26 mmol/g and 3.31 mmol/g, respectively. The CO,
uptake capacities of CC-MSN-50 and CC-MCM-48-50,
composed by dispersing CTMABr surfactant with the
calcined materials before incorporating PEI, were
remarkably similar to those of non-surfactant function-
alized adsorbents. When the temperature’s influence on
CO, adsorption capacity was evaluated, the maximum
holding capability adsorbent UC-MSN-50 had a slight
increase in adsorption capacity (~3.6%), whereas UC-
MCM-48-50 had a considerable drop (~23.9%) as the
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temperature elevated to 100 °C. Besides, Langmuir, Fre-
undlich, Dubinin-Radushkevich, and Temkin isotherms
were used to model pure CO, adsorption data, and a
thermodynamic study was applied. In conclusion, a low-
cost and more beneficial approach, which included less
PET handling and eliminating the calcination step, was
implemented to enhance the CO, sorption capacity of
composites of PEI with the long alkyl chain template
MCM-48 or MSN silica support materials.
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MCM-48 - MSN - Polyethyleneimine

1 Introduction

The Intergovernmental Panel on Climate Change
(IPCC) notified that the increase in global warming
and the change of the climate are caused by rising
levels of inordinate greenhouse gases (GHGs) such as
carbon dioxide (CO,), chlorofluorocarbons (CFCs),
methane (CH,), nitrous oxide (N,0), and sulfur
hexafluoride (SFg) in the atmosphere (Al-Ghussain
2019). As a result of the human activities carried
out after the Industrial Revolution, there has been a
serious increase in atmospheric CO, concentration
due to deforestation in broad areas and the enhance-
ment of dependence on the burning of fossil fuels.
Climate scientists emphasized that more than 30 bil-
lion tons of CO,, which primarily influences global
climate change, are anthropogenically released into
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the atmosphere annually (Friedlingstein et al., 2010).
The CO, concentration in the atmosphere reached
400 ppm for the first time in 2015 due to the expo-
nential increase in emissions (Lou et al., 2020). The
increase in global temperature between 1951-1980
was determined as 0.8 °C (Sanz-Pérez et al., 2018).
The temperature rise was targeted to be limited to
1.5 °C and 2 °C over the levels before industrializa-
tion with the Paris Agreement signed in 2015. The
rising temperature trend has been classified as endan-
gered in line with actual tendencies in emissions,
planned infrastructure, and national policy commit-
ments (Lamb et al., 2021).

Nowadays, in line with the increasing global
awareness of CO, emissions, preventive and remedial
methods come to the fore within the scope of efforts
to balance the atmospheric CO, concentration and
reduce environmental impact (Yan et al.,, 2011). In
this context, it has been emphasized that it is neces-
sary to focus on increasing energy efficiency, using
new non-carbon energy sources instead of fossil
fuels, and studies on CO, capture and storage/utiliza-
tion applications. Implementing various technologies
that remove CO, from other exhaust gases leaving a
facility, such as the carbon capture technology asso-
ciated with utilization or sequestration, is an effec-
tive way of reducing CO, from emissions sources (as
well as power plants or industrial facilities). In this
regard, CO, is trapped before it reaches the environ-
ment and either permanently stored underground or
added to certain products like concrete or chemicals.
Both pre-combustion and post-combustion operations
participate in lowering the carbon intensity of power
generation and CO, capture processes. Whereas pre-
combustion relies on designing less carbon-intensive
combustion techniques, post-combustion carbon cap-
ture aims to extract CO, from the exhaust gas streams.
The integrated gasification combined cycle (IGCC)
and oxyfuel combustion, which employs pure oxy-
gen as fuel, are examples of pre-combustion systems.
According to the latest techno-economic reports,
energy-intensive CO, capture systems must be devel-
oped to drastically lower electrical costs and improve
combustion efficiency (Nwabueze & Leggett, 2024).
The approach developed on the utilization of CO,
as an alternative to CO, storage is aimed at achiev-
ing CO, conversion to produce compounds such as
fuel or synthetic intermediates for pharmaceuticals.
Within the CO, capture and separation approaches
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for the control of CO, emission, techniques such as
membrane separation, solid adsorption, as well as
the liquid phase amine scrubbing process, which is
the most widely used on an industrial scale due to
its high selectivity, are applied (Guo et al., 2017).
The different CO, capture technologies currently
involved in industry and academia are classified in
Fig. 1 (Nwabueze & Leggett, 2024). It is known that
the absorption process with aqueous amine solutions
has disadvantages such as high energy consumption,
equipment corrosion, low absorption/desorption ratio,
and the amine solution degradation or loss (Sanz-
Pérez et al., 2018). Although there is a lack of need
for regeneration energy and no residual flows during
the usage of the membrane separation, the system
should be designed as multi-stage or recycled since
membrane separation is restricted to the low separa-
tion capacity (Guo et al., 2017).

The following equations indicate the CO, chem-
isorption mechanism related to the interaction among
amine groups with CO, that generates carbamate
under an anhydrous environment. Initially, an amine
group attacks CO, nucleophilically to generate the
zwitterion intermediate such as RNH,*COO~ for
a primary amine of RNH,. Meanwhile, the second
amine group deprotonates the zwitterion, leading to
carbamate formation (Chang et al., 2009; Zelenak
et al., 2008).

Step 1 : RNH, + CO, — RNH,*COO™ (1)

Step 2 : RNH, + COO™ + RNH, — RNHCOO™ + RNH;*
@
Overall reaction : CO, + 2R — NH, —» RNH;*

N ©)
+R - NHCOO

In recent years, interest in applications related
to the adsorption process, in which solid-supported
amines are used instead of the liquid amine absorp-
tion process, has increased. This is because the
disadvantages encountered in the absorption pro-
cess are prominently overcome by the adsorption
process. It has been reported that vessel corrosion,
solvent loss due to evaporation, and energy con-
sumption are reduced; however, a high adsorption/
desorption rate is achieved, and high efficiency and
selectivity are provided for CO, in gas mixtures
when using solid adsorbents modified by amine-
loading (Lou et al., 2020).



Water Air Soil Pollut (2025) 236:151

Page 3 of 27

151

CO, Capture Technologies

—
_IT g g —1
Absorption Method ~ Membrane Method  Adsorption Method  Chemical Looping Method
~—— ~—— S~S—— ———
— — — —
Alkaline solutions Inorganic Carbon-based Combustion
S— S— S— S—
— — — —
Ionic liquids Polymeric Zeolites Reforming
S~— S~— S— S—
— /E\ —
Amine-based actlitated transport Supported-amines
mechanism
S— ~——— S~—
— —_ . —
Ammonia ixed matrix MOFs & PPNs
membranes
S~— ~——— ~—
—

Metallic oxides
S———

Fig.1 CO, capture strategies applied in both the scientific and industrial sectors

Various adsorbents have been generated for CO,
uptake comprising porous silica materials (HPS,
KIT-6, MCM-36, MCF, MCM-41, MCM-48, OMS,
SBA-12, SBA-15, SBA-16, etc.) (Fernandez-Miranda
et al., 2017; Jang et al., 2009; Kishor & Ghoshal,
2017; Liu et al., 2010; Niu et al., 2016; Vilarrasa-
Garcia et al., 2014; Wei et al., 2009; Zelenak et al.,
2008; Zhang et al., 2016), porous carbon (Chai et al.,
2016; Gholidoust et al., 2017), zeolites (4A, 13X,
ZSM-5, etc.) (Liu et al., 2017a), MOFs (Liao et al.,
2016), and porous polymers (Liu et al., 2017b; Mane
et al., 2018). The limited selectivity of solid porous
materials against CO, is a problem. Therefore, stud-
ies have focused on adsorbent preparation with high
adsorption capacity and selectivity, which are func-
tionalized with organic molecules containing amino
groups. The preparation of amine-based silica adsor-
bents mainly involves one of two methods: either
grafting, in which the CO,-active amino groups are
chemically bonded to the silica support using linker
silanes, or wet impregnation, in which polymeric
amines (polyethyleneimine (PEI), tetraecthylene-
pentamine (7EPA), or diethanolamine (DEA)) are
physically loaded onto the porous substrate surface.
The impregnation approach has been utilized more
commonly than amine grafting due to its ease of

use, reduced price, and capacity to insert substan-
tially more amines than amine grafting to allow more
excellent adsorption capabilities. These amine-sup-
ported systems have enhanced CO, capture capabil-
ity over bulk amines because the amine molecules
are distributed throughout the mesoporous support
material’s pores (Liu et al., 2019).

The MCM-48 silica material from the M41S fam-
ily, which has a 3-D channel system, excellent ther-
mal stability up to 750 °C, narrow pore size distribu-
tion, a high specific pore volume, and specific surface
area, can be prepared in a variety of approaches
(Schumacher et al.,, 2000). The three-dimensional
open-porous MCM-48 enhances the interaction quan-
tities between catalysts and reagents, which leads to
increased activity and resistance to pore blockage.
MCM-48 is effective in applications such as adsorp-
tion, catalysis, chromatography, and gas separation
(do Nascimento et al., 2016). Mesoporous silica nano-
particles (MSN) with stable and expanded mesopores
produced by sol-gel and hydrothermal synthesis
methods. MSNs are renowned for possessing excel-
lent characteristics like uniformly shaped pores with
well-defined dimensions. In addition, altering the
template molecule’s length can modify the pore size
of MSNs. The surfactants, silica sources, or reaction
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parameters, such as temperature, aging period, the
mole fraction of reactants, and medium pH, can all
be varied to produce an entirely novel mesoporous
system (Rameli et al., 2018). Mesoporous inorganic
materials are utilized in several disciplines, includ-
ing catalysis, separation, optics, energy generation
and storage, biomedicine, agriculture, and semi-
conductor nanostructures because of their ordered
structures, high surface areas, pore volumes, adjust-
able size, pore size distribution, compositions, and
surface chemistry (Li et al., 2022). Mukherjee and
Samanta (2022) impregnated different ratios of ben-
zylamine (BZA), monoethanolamine (MEA), and
aminoethylethanolamine (AEEA) onto MCM-48 to
increase the adsorption capacity of CO,, which were
summarized as MCM-48 (0.637 mmol/g) < 40%BZA-
MCM-48 (094  mmol/g) < 50%MEA-MCM-48
(1.67 mmol/g) < 30%AEEA-MCM-48 (3.33 mmol/g).
In another study, mesoporous SBA-15 and MCM-48
silica materials modified with cyclic amines (mor-
pholine and 1-methylpiperazine) demonstrating high
CO, adsorption potential within 2 and 4.4 mmol/g
were prepared (Ravutsov et al., 2021). Qian et al.
(2019) confirmed that uncalcined MCM-48 samples
(MCM-48-W) functionalized with PEI whose pores
were coated with cetyltrimethylammonium bro-
mide (CTMABr) were more effective CO, sorbents
than traditional calcined MCM-48 impregnated with
PEI. The presence of long-alkyl chains could have
enhanced the distribution of loaded PEI particles, as
evidenced by the MCM-48-W loaded with 40 wt.%
PEI demonstrating 2.59 mmol/g of CO, adsorption
capacity (6.9 mmol-CO,/g-PEI). Several mesoporous
silica adsorbents (MCM-41, MCM-48, SBA-15, SBA-
16, and KIT-6) were prepared by Son et al. (2008)
and impregnated with 50% PEI by weight. The mate-
rials’ CO, sorption abilities changed in the follow-
ing sequence: KIT-6>SBA-16 =~ SBA-15>MCM-
48> MCM-41. These capacities were all significantly
higher than those of pure PEI (79 mg-CO,/g-adsor-
bent). 119 mg-CO,/g-adsorbent was the value of the
50% PEI-MCM-48’s CO, sorption capacity.

Based on the increasing interest in the litera-
ture regarding the research of mesoporous materials
doped with amine species, this study intended to syn-
thesize silica-based materials impregnated with PEI
at different weight ratios to improve the CO, adsorp-
tion capacity, as well as to characterize and clarify
their structures using a variety of techniques (XRD,
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SEM, N, sorption, and FT-IR). In this context, two
different silica-support materials (MSN and MCM-48)
were used both as-synthesized without calcination
and as calcined, and polyethyleneimine was impreg-
nated with 50% and 70% by weight to improve the
CO, adsorbing ability of the support materials. In
addition, 50 wt.% PEI was impregnated at the ideal
loading ratio after the calcined samples were modi-
fied with CTMABr. The CO, sorption measurement
was conducted at atmospheric pressure and 75 °C,
and the experiments were then repeated at 100 °C to
examine the effect of adsorption temperature for opti-
mum adsorbents. Adsorption experimental data were
used to evaluate thermodynamic characteristics and
fit the Langmuir, Freundlich, Dubinin-Radushkevich,
and Temkin isotherm models.

2 Materials and Methods
2.1 MCM-48 Synthesis Procedure

A gel with a molar composition of 1.0 TEOS: 0.48
NaOH: 0.4 CTMABr: 55 H,O was prepared to obtain
MCM-48 in a basic medium with the traditional
hydrothermal synthesis method (HTS) (Li et al,
2006). Accordingly, CTMABr (98%, Alfa Aesar) was
completely dissolved at 30 °C using distilled water,
NaOH (>98%, Iso Lab) and TEOS (98%, Acros
Organics) were incorporated in the solution, respec-
tively, and the reaction mixture was agitated for
90 min. After the reaction mixture was transferred to
a Teflon bottle, hydrothermal synthesis was carried
out for 3 days in an oven at 120 °C. The support mate-
rial was separated from the synthesis medium using a
vacuum filtration system, rinsed with distilled water
until pH neutral, and air-dried at room temperature.
As-prepared MCM-48 was coded as “UC-MCM-48”,
which was then heated to 550 °C with a heating rate
of 1 °C/min and calcined for 6 h to prepare the cal-
cined material with the code “C-MCM-48”.

2.2 MSN Synthesis Procedure

Mesoporous silica nanoparticle (MSN) was synthe-
sized by sol-gel method following the recipe sug-
gested by Vazquez et al. (2017), with a molar compo-
sition of 1.0 TEOS: 20 EtOH: 1200 H,0: 10.4 NH;.
H,0: 0.3 CTMABr. A silica solution was prepared
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by mixing ethanol (>98%, Honeywell), distilled
water, and ammonia solution (25%, Carlo Erba), then
CTMABr (98%, Alfa Aesar) was incorporated, and
TEOS (98%, Acros Organics) was added dropwise.
After the synthesis solution was mixed at room tem-
perature for 2 h, the precipitate was removed from the
reaction mixture by filtration, rinsed with distilled
water until pH neutral, and air-dried at room temper-
ature. Similarly, the as-prepared MSN was coded as
“UC-MSN”, which was then heated to 550 °C with a
heating rate of 1 °C/min and calcined for 6 h to pre-
pare the calcined material with the code “C-MSN”.

2.3 CTMABTr-Functionalized CC-MCM-48 and
CC-MSN

The calcined silica materials were impregnated with
40% by weight surfactant to form CC-MCM-48-
and CC-MSN-coded materials (Yue et al., 2006). In
this context, calcined silica particles were added to
CTMABr after it had been dissolved in methanol,
mixed for 6 h, and finally dried in an oven at 80 °C
for 12 h.

2.4 Preparation of PEI-Impregnated Adsorbents

Polyethyleneimine (PEI, branched, M.W. 1200, 99%,
Alfa Aesar) was loaded at two different impregna-
tion ratios (50% and 70% by weight) to prepare
amine-functionalized silica materials, which were
known to be accomplished in CO, capture. Accord-
ing to the desired amine additive ratio, PEI was
weighed and dissolved in methanol, mixed with sup-
port material, and stirred for 6 h. PEl-impregnated
silica-based adsorbents were prepared by drying in an
oven at 80 °C for 12 h (Yan et al., 2011) and coded
as “S-x” where “S” was the type of support material
(UC-MCM-48, C-MCM-48, UC-MSN, C-MSN, CC-
MCM-48 or CC-MSN) and “x” was denoted as poly-
ethyleneimine loading ratio of 50% or 70% by weight.

2.5 Characterization of Adsorbents

Surface morphologies (particle sizes, shapes, and dis-
tributions) of adsorbents were determined by scan-
ning electron microscopy (Zeiss Supra VP 40) with
platinum sputter-coated (Quorum Q 150 R ES DC
Sputter), total pore volumes (V,y,). BET surface
areas (Sggy), and pore size distributions were clarified

by Micromeritics TriStar II 3020 instrument via N,
sorption at 77 K. Fourier transform infrared (FT-IR,
Agilent Cary 630) spectrums were taken in the wave-
number range of 4000-400 cm™! to define the func-
tional groups in the structure of the materials, and the
crystalline structures were analyzed in PANalytical
X’Pert Pro Materials Research Diffractometer using
CuKoa radiation (A=0.15406 nm, in the range of
0-10° 20). The CO, adsorption capacities of silica-
based materials were determined based on their CO,
isotherms from Micromeritics ASAP 2020 analyzer
at 75 and 100 °C. Before the experiments, the materi-
als were outgassed at 100 °C for 3 h.

2.6 CO, Adsorption Isotherm Modeling and
Thermodynamics

Recognition of the interactions between solid adsor-
bent and adsorbate molecules is facilitated more
easily by the gas—solid adsorption isotherm analy-
sis. In certain situations, adsorption isotherm analy-
sis can be beneficial to determine the equilibrium
adsorption capacity as well as to comprehend the
adsorption performance and mechanism of CO, mol-
ecules on porous sorbents. The most fundamental
theoretical model for describing monolayer adsorp-
tion on a homogeneous adsorbent surface with simi-
lar adsorption sites is the Langmuir isotherm. Each
adsorption site is capable of adsorbing one mole-
cule at a time due to monolayer adsorption, and the
adsorbed molecules do not interact with other mole-
cules (Mamaghani et al., 2024). The Langmuir model
assumes that the initial layer of adsorbed molecules
has stronger adsorption energy and that subsequent
adsorbed layers need a higher pressure (Vargas et al.,
2012). The affinity between molecules of the adsor-
bent and adsorbate is expressed by the Langmuir iso-
therm constant, k;. Maximum surface coverage and
a higher affinity between the adsorbent and adsorb-
ate molecules are indicated by a greater k; value. The
Freundlich isotherm clarifies a non-ideal and revers-
ible adsorption process (Fatima et al., 2023), and is
appropriate for multi-layered adsorption on hetero-
geneous surfaces (Tiwari et al., 2017). Furthermore,
the adsorption energy rose exponentially as surface
coverage increased due to fewer active sites (EI-
Desouky et al., 2021). The Freundlich coefficient (n)
specifies whether the adsorption is physical (n > 1)
or chemical (n < 1). The Freundlich constant of n
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also defines favorable adsorption as 0 < 1/n < 1,
irreversible adsorption as 1/n=1; unfavorable
adsorption as 1/n > 1; and 1/n close to zero also
means heterogeneous adsorption (Mamaghani et al.,
2024; Michalkiewicz et al., 2014; Singh & Kumar,
2018). The Dubinin-Radushkevich (D-R) model, in
contrast to the Langmuir and Freundlich isotherm
models, is a semi-empirical equation in which the
pore-filling mechanism models the adsorption. The
model implies that adsorption has a multilayered
structure that includes Van der Waal’s forces and
can be applied to physical adsorption processes (El-
Desouky et al., 2021). The temperature dependence
of the Dubinin-Radushkevich isotherm is one of its
distinctive characteristics. The model is typically
used to explain the adsorption mechanism onto a
heterogeneous surface with a Gaussian energy distri-
bution (Chegeni et al., 2022). The Temkin isotherm
model addresses the impacts of indirect adsorbent-
adsorbate interactions on the adsorption mechanism.
The adsorption is distinguished by a consistent distri-
bution of binding energies up to a certain maximum
binding energy (Garnier et al., 2011). The Dubinin
Radushkevich and Temkin isotherms addition-
ally contain beneficial details regarding the energy
parameters, specifically mean free energy of adsorp-
tion and heat of adsorption (Rashidi et al., 2016).

The energy parameter E, found in D-R isotherms,
represents the binding energy, which defines the type
of interaction between the sorbent and CO, mol-
ecules and also provides information on the adsorp-
tion reaction’s mechanism. Adsorption is controlled
by chemical adsorption if E > 16 kJ/mol, driven by
an ion-exchange mechanism if 8 < E < 16 kJ/mol,
and influenced by physical forces when E < 8 kJ/mol
(Fernandez et al., 2022). The adsorption heat (b) of
all layer molecules in Temkin isotherms is likewise
assumed to decrease linearly as surface coverage
increases (Chegeni et al., 2022). The Langmuir, Fre-
undlich, Dubinin-Radushkevich, and Temkin models
were chosen within the current theoretical adsorption
models to fit the experimental data of adsorbed vol-
umes vs. equilibrium pressures in CO, adsorption.
An overview of these isotherm models’ linearized
equations is provided in Table 1. The correlation
coefficient (R?), which ranged between O and 1, was
used to assess the validity of these models; a value
nearer unity indicated the most suitable fit to the
related isotherm model.

The Gibbs free energy change (AG’, J/mol), an
adsorption thermodynamic parameter, was deter-
mined by Eq. (11) and revealed the process’ sponta-
neity. A greater negative value of AG™ characterizes
more favorable energetically adsorption (Tiwari et al.,

Table 1 The mathematical expressions of linearized isotherm models

Isotherm model Linear equations Eq

Plots and terms

Langmuir Po/qe = [1/(kign)) + Pe/qn ¥
Freundlich logq, = logkp + (1/n)logP, &)
Dubinin- Ing, = Ing,, — kpre® (6)
Radushkevich £ = RTln(l + ]/pe) 7
E=1//2kpg ®)
Temkin q, = Blnk; + BInP, 9
B =RT/b, (10)

PE/qE VS. Pe

P,: The equilibrium pressure of the adsorbate (kPa)
q,: The adsorption capacity (mmol/g)

q,,: The maximum adsorption capacity (mmol/g)
k; : The Langmuir isotherm constant (1/kPa)

logq, vs. logP,
kp: The Freundlich isotherm constant (mmol/(g.kPa” )
n: The heterogeneity factor

Ing, vs. €

kpg: The Dubinin-Radushkevich isotherm constant (mmol*/kJ?)
€: An isotherm parameter of the Polanyi potential (kJ/mmol)

R: The gas constant (kJ/mmol.K)

T: The absolute temperature (K)

E: The mean free energy of adsorption (kJ/mmol)

q,Vvs. InP,

kp: The Temkin isotherm constant (mmol/g.kPa)

B: The temperature-dependent heat of adsorption (J/mol)

R: The gas constant (J/mol.K)

T: The absolute temperature (K)

b,: The Temkin constant related to the heat of adsorption (J/mol)
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2017). Besides, van’t Hoff’s formulation in Eq. (12)
was applied to find the enthalpy change (AH’, J/mol)
and the entropy change (AS’, J/mol.K) from the slope
and intercept by plotting /n(k, ) versus inverse temper-
ature (1/7), respectively (Rashidi et al., 2016).

AG’ = —RTlIn(k;) (11)

In(k,) = —(AH /RT) + (AS"/R) (12)

where k; is the equilibrium constant (1/kPa) derived
from the Langmuir isotherm fit, R is the universal gas
constant (8.314 J/mol.K), and T is the absolute tem-
perature (K).

3 Results and Discussion

This section outlined characterization results and CO,
sorption performances to clarify the effect of silica
support material type, calcination state, surfactant
incorporation, and amine loading ratio on adsorbent
properties.

3.1 SEM Analysis

The morphological structures of adsorbents prepared
by using MCM-48 and MSN as silica support were
examined via SEM images (Figs. 2 and 3). Accord-
ing to the SEM images of MSN-based adsorbents
presented in Fig. 2, it was determined that the UC-
MSN had a rod-like structure with varying lengths in
the range of 210-450 nm, and the structure was pre-
served after the calcination process. It is well known
that the textural morphology of MSN is influenced by
the water and surfactant concentrations employed in
the synthesis since the precursor formulation affects
the mechanisms governing micelle formation and
CTMABr arrangement. The silica particles grow
longer and expand by the micelle arrangement by
increasing the water content. The TEOS hydrolysis is
reduced, and the formation of the mesoporous silica
particle in the direction perpendicular to the pore-
alignment is promoted by the solution dilution, which
affects the arrangement of the surfactant micelles
and generates aggregates that enclose the silica pre-
cursor (Vazquez et al., 2017). According to the SEM
images (Fig. 3), UC-MCM-48 consisted of agglomer-
ated spherical particles (Fig. 3a), whereas C-MCM-48

formed after removing the surfactant from the struc-
ture by calcination (Fig. 3d) had smaller and more
uniformly shaped spherical morphology compared to
UC-MCM-48 and had different sized particles. After
the amine group was impregnated into the support
structure, it was revealed that the surface of both non-
calcined and calcined particles was covered by PEI,
which had an adhesive nature.

3.2 XRD Analysis

The x-ray diffraction method was applied to get
information about the crystal structures (amor-
phous, crystalline, or semi-crystalline) of porous
materials. X-ray diffraction patterns of MSN- and
MCM-48-based adsorbents were given in Figs. 4
and 5. The characteristic peaks of MCM-48 and
MSN silica materials with the highest intensity
belong to (2 1 1) and (1 0 0) reflections, respec-
tively (Pirouzmand et al., 2013). The ordered pore
structure of the mesoporous silica nanoparticle
was supported by the characteristic peak (1 0 0)
observed around 20=2.3° in XRD patterns and
confirming the hexagonal structure. In the low-
angle XRD patterns, weak diffraction peaks around
4° and 4.5° indicated (1 1 0) and (2 0 0) planes,
respectively (Alsyouri et al., 2013). Denoting that
MSN consisted of a long-range ordered hexagonal-
phase pore structure was the fact that the three
crystal planes’ diffraction peaks were compatible
with those of the typical mesoporous silica peaks
reported for MCM-41 (Xu et al., 2020). The pres-
ence of peaks belonging to (1 0 0), (1 1 0), and
(2 0 0) planes confirmed the existence of a two-
dimensional hexagonal (p6mm) structure with a d;,
interval of approximately 3.9 nm (Sazegar et al.,
2017). Besides, the weak diffraction peak of the (2
2 0) plane was observed around 20=6° (Das et al.,
2004). While it was known that the mesostructure
order diminished as the diffraction peak widened,
the narrow peak at 20 =2.3° demonstrated that the
pore size and arrangement were identical. A weak
regular or irregular mesoscopic structure was indi-
cated by the lack of a clearly defined diffraction
peak in XRD diffraction patterns (Han et al., 2013).
In this case, the increase in peak intensity revealed
the presence of highly ordered and crystalline struc-
tures in the materials. It was established through
x-ray diffraction patterns that the amine group’s
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Fig. 2 SEM images of
MSN-based adsorbents

at 10.00 and 20.00 kX
magnification (a) UC-MSN,
(b) UC-MSN-50, (¢) UC-
MSN-70, (d) C-MSN, (e)
C-MSN-50, (f) C-MSN-70,
and g) CC-MSN-50

impregnation into the support structure caused a
decrease in the intensity of the (1 0 0) peak and a
change in the peak position. The reduction in x-ray
intensity should be attributed to the combined influ-
ence of increased disorder and a significant phase-
distortion phenomenon associated with scattering
PET particles starting to settle into the pore spaces
in the support material (Das et al., 2016).

@ Springer

Peaks corresponded to the cubic mesophase MCM-
48’s la3d space group (comprising planes (2 1 1), (2
2 0), 4 20), and (3 3 2)) were detected in MCM-48
structures (Wang et al., 2012). MCM-48 materials were
prepared in a highly ordered structure, according to the
XRD patterns seen in Fig. 5. Moreover, it was noted
that when PEI concentration increased, the principal
diffraction peak (2 1 1) shifted to higher 20 values.
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Fig. 3 SEM images of
MCM-48-based adsorbents
at 10.00 kX magnifica-
tion (a) UC-MCM-48, (b)
UC-MCM-48-50, (¢) UC-
MCM-48-70, (d) C-MCM-
48, (e) C-MCM-48-50,

(f) C-MCM-48-70, and g)
CC-MCM-48-50

This was evidence that adding an amine group to the
structure caused the d-space, or the distance between
the diffraction surfaces, to shrink (Shao et al., 2008).
The position of the characteristic Bragg diffraction
peaks remained almost constant after the silica-based
materials were impregnated with PEI, demonstrating
that the silica materials’ mesoporous structures were
retained after the addition of PEI (Son et al., 2008).

3.3 Structural Analysis

The structural characteristics of silica-based sorb-
ents were inspected using N, adsorption/desorption
isotherms at 77 K (Figs. 6 and 7). In addition, iso-
therm types were investigated to provide a qualitative
evaluation of the materials’ porous structure. The
IUPAC classification’s Type IV nitrogen adsorption/

@ Springer
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Fig. 4 X-ray diffraction
patterns of MSN-based 100 UC-MSN C-MSN
adsorbents
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desorption isotherm was seen in MSN and MCM-4§-
based uncalcined and calcined support materials. It
has been noted that the Type H3 hysteresis loops in
the UC-MSN and UC-MCM-48 isotherms arise in
the presence of plate-like particle clusters that lead
to slit-shaped pores and do not display any restric-
tive adsorption at a high relative pressure (Sing,

@ Springer

1982). C-MSN and C-MCM-48 isotherms exhibited
a Type H4 hysteresis loop in the range of approxi-
mately 0.40<P/P;<0.99, and this hysteresis was
characterized by irregular slit-like pores in the struc-
ture (Kuila & Prasad, 2013) and secondary (larger)
mesopores (Gucbilmez et al., 2012). C-MCM-48-50
and UC-MSN-70 were also determined to display
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Fig. 5 X-ray diffraction VYT i
patterns of MCM-48-based 211 UE-MEM- -MCM-
adsorbents
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Type II nitrogen isotherms with H4 hysteresis struc-
ture. The PEI-loaded adsorbents UC-MCM-48-50,
UC-MCM-48-70, C-MCM-48-70, UC-MSN-50,
C-MSN-50, and C-MSN-70, on the other hand,
showed nearly reversible Type II nitrogen isotherms
in contrast to those of silica support materials. The
isotherm shape demonstrated that all PEI-loaded

adsorbents were essentially macroporous and lacked
micro/mesopores in the structure. The extremely
narrow hysteresis confirmed the presence of small
macropores. The PEI-loaded materials did not con-
tain micropores, as evidenced by the extremely
small amount that was adsorbed at low relative pres-
sure (P/Py<0.01) (Kuila & Prasad, 2013). When
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Fig. 6 Nitrogen sorption isotherms of MCM-48-based adsorbents

silica support materials were modified with PEI,
the absence of the hysteresis cycle in the adsorp-
tion and desorption branches of adsorbents indicated
that the channels in the support material were filled
by PEI particles (Zhang et al., 2019). It was noted
that some adsorbents exhibited open-hysteresis
loop isotherms with fractional desorption branches
at low relative pressure values. This was because
blocked mesopores were prevalent, which discharged
at a lower pressure than open pores of similar size
(Krzyzak et al., 2020). The irreversibility of the
nitrogen adsorption/desorption curves corresponds
to open cylindrical pores at both ends and parallel
plate-shaped holes in all directions. The fact that the
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hysteresis loop remained open at low P/P, was the
most noticeable aspect of this hysteresis. In light of
this, it revealed that adsorbents with an open-hystere-
sis cycle had greater adsorption capacity than adsor-
bents with closed-loop hysteresis due to their highly
developed super micro-pores that were difficult to
desorb (Ren et al., 2022).

The pore size distribution curves derived from
the BJH method from the desorption branches were
also given in Figs. 8 and 9. While most of the PEI-
loaded sorbents (UC-MCM-48-50, UC-MCM-48-70,
C-MCM-48-70, UC-MSN-70, C-MSN-50, and
C-MSN-70) showed a wide pore size distribu-
tion in the mesopore region with similar properties;
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Fig. 7 Nitrogen sorption isotherms of MSN-based adsorbents

UC-MCM-48, C-MCM-48, C-MCM-48-50, CC-
MCM-48-50, UC-MSN, UC-MSN-50, and C-MSN
essentially showed narrow, sharp and homogeneous
distribution curve. A bimodal distribution with two
distinct peaks at 2.11 and 3.47 nm was observed for
UC-MCM-48. Tt was identified that pore sizes were
localized around 2.35 and 3.35 nm for C-MCM-
48, 5.14 nm for C-MCM-48-50, 2.10 nm for CC-
MCM-48-50, 3.36 nm for UC-MSN, 3.18 nm for UC-
MSN-50, 2.50 and 3.86 nm for C-MSN. The absence
of a noticeable peak in the pore size distribution
curves of the sorbents impregnated with PEI implied
that the amines were virtually filling the channels in
the structure (Zhang et al., 2019).

Adsorbed volume @ STP, cc/g

1
N

Relative Pressure (P/P,)

It was specified using the BJH method that the
average pore diameters (D,, nm) varied in the
mesopore region in the ranges of 2.43-5.12 nm and
2.49-5.62 nm for MSN- and MCM-48-based sorb-
ents, respectively. The adsorbents’ average pore diam-
eters, total pore volumes, and BET surface areas were
detailed in Table 2. UC-MCM-48 and UC-MSN had
surface areas of around 13.29 m%g and 4.07 m%/g,
respectively, while the surface areas of C-MCM-48
and C-MSN were approximately measured as 1153
m*/g and 1473 m%/g, respectively. After impregnating
UC-MCM-48 with 50% and 70% by weight amine, it
was established that pore blockage caused the surface
areas of UC-MCM-48-based adsorbents to decrease
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Fig. 8 Pore distribution plots of MCM-48-based adsorbents

by 62% and 81%, respectively. Moreover, it was
noticed that the total pore volume diminished from
0.0265 cm®/g to 0.0078 and 0.0035 (Table 2). Similar
results were obtained when 50% and 70% by weight
of amine were impregnated into UC-MSN, which led
to reductions in surface area of 11% and 79%, respec-
tively. The calcined materials’ surface areas were sig-
nificantly lowered due to the amine impregnation. For
instance, the surface area of C-MSN decreased from
1473 m%/g to 1.76 m*/g with 70%-PEI impregnation.
Although the C-MCM-48 had a surface area of 1153
mz/g, a BET surface area measurement could not be
performed since PEI impregnation had blocked the
pores. In addition, single-point surface area meas-
urements of CC-MCM-48-50 and CC-MSN-50
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coded adsorbents produced by PEI impregnation
after the addition of CTMABr surfactant to the cal-
cined MCM-48 and MSN were performed. As a con-
sequence, it was found that the surface area of the
adsorbent CC-MCM-48-50 was 0.75 m*g, while
CC-MSN-50’s surface area could not be established.
Since the mesopores of the PEI-loaded C-MCM-48
and CTMABr-functionalized MSN materials were
substantially covered with PEI, nitrogen had limited
access to the pores at liquid nitrogen temperature
hence details on the fundamental textural properties
of these materials could not be inferred from N, sorp-
tion isotherms. However, it was determined that CC-
MSN-50 and CC-MCM-48-50 had mean pore diam-
eter values of 14.64 nm and 4.89 nm, respectively.
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3.4 FT-IR Spectrum

When the spectrum of pure polyethyleneimine in
Fig. 10 was analyzed, peaks were seen at wavenum-
bers of 3420, 2925, and 2852 cm™!, confirming the
presence of -NH or -CH, radicals in the chemical
structure of PEI (Xing et al., 2014). The two bands
at 2851 and 2921 cm™! in the FT-IR spectrum of
UC-MCM-48 and UC-MSN (Fig. 10) corresponded

0 2 4 6 8 1012 14 16 18 20
Pore width (nm)

to the symmetric and asymmetric stretching vibra-
tions of the CH, groups, respectively (Taba et al.,
2017). For the bending vibrations of —O-H and
C-H, two additional peaks were identified at 1650
and 1460 cm™'. The presence of surfactants uti-
lized as structure-directing agents was revealed by
the peaks in the spectrum linked to C-H stretching
and bending vibrations. Sharp peaks at 1212 and
1024 cm™! were associated with Si—-O-Si groups’
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Table 2 Structural properties of support materials and PEI-
loaded adsorbents

Adsorbent codes SgET Vol D,,
(m*/g) (cm’/g)  (nm)
MSN-based materials
UC-MSN 4.07 0.0083 4.83
UC-MSN-50 3.64 0.0084 5.01
UC-MSN-70 0.86 0.0190 5.12
C-MSN 1472.84 0.9269 243
C-MSN-50 8.28 0.0156 5.05
C-MSN-70 1.76 0.0031 5.01
MCM-48-based materials
UC-MCM-48 13.29 0.0265 5.62
UC-MCM-48-50 5.05 0.0078 4.82
UC-MCM-48-70 2.57 0.0035 4.98
C-MCM-48 1153.25 0.7969 2.49
C-MCM-48-50 - 0.0065 6.64
C-MCM-48-70 - 0.0060 4.82
C TMABr—functionalized Ssi1¥le point Vm%l D,
materials (m~/g) (cm’/g) (nm)
CC-MSN-50 - 0.0028 14.64
CC-MCM-48-50 0.75 0.0053 4.89

asymmetric stretching vibrations (Taba et al.,
2018). The defective Si—OH vibration in silicate
lattice appeared at 956 cm™'. The weak bands at
778 and 430 cm™! corresponded to the symmetri-
cal stretching vibration of Si—O-Si bonds and their
bending mode, respectively (Venkatachalam et al.,
2012). Free silica may also be present in the band
about 795 cm™!. Similar bands and bond stretch-
ing characteristics were also visible in the spectra
of the calcined adsorbents. All organic group bands
in the calcined pure support materials (C-MCM-48
and C-MSN not impregnated with PEI) had disap-
peared, proving that the surfactant was eliminated
completely from the samples during the calcination
process (Loganathan et al., 2013).

All PEIl-impregnated materials (Fig. 10) were
identified to exhibit a broad envelope between 3600
and 3000 cm™!, indicating the —OH stretching vibra-
tion of water (Aghaei et al., 2014). The wide band
of the water’s —OH stretching vibration masked
the stretching vibration peak of defective Si-O-H
groups (Malhis et al., 2018). Moreover, the peaks at
1560 cm™' in the FT-IR spectra of the PEI-loaded
sorbents indicated the amino bending vibration and
confirmed the successful doping of the amine groups.

@ Springer

Finally, the peak arising at 1665 cm™' verified the

existence of the amino group (Du et al., 2013). The
formation of additional peaks in the 1650—1300 cm™
range upon impregnation provided evidence for PEI’s
existence in the adsorbent. The specific peaks at 1315
and 1400 cm™! corresponded to the skeletal vibration
of the carbamate (NCOQO™) and the stretching vibra-
tion of the -NC group of carbamates. The stretching
vibration of C-H and the bending vibration of CH,
in the PEI chain were defined by 2950-2860 cm™!
and 1460 cm™! peaks, respectively (Kishor & Gho-
shal, 2016). Further evidence that polyethyleneimine
adhered on silica support materials were the peaks
of 3200 cm™!, 1030 cm™! (C-N stretching vibration),
1606 cm™! (N-H bending), and 550 cm™! (N-H wag-
ging) (Ahmad et al., 2018).

3.5 CO, Adsorption Performances

Figure 11a-d illustrated the isotherms of the analyses
carried out at 75 °C to investigate the CO, adsorption
capacity of MCM-48- and MSN-based mesoporous
adsorbents. The test results revealed that, while UC-
MCM-48 had an adsorption capacity of 0.48 mmol/g,
UC-MCM-48-50 adsorbent with 50% polyethyl-
eneimine had the highest capacity for CO, holding
at 2.26 mmol/g. The CO, sorption capacities of 50%
and 70% PEI functionalized materials were measured
to be 4.71 and 3.35 times that of the synthesized UC-
MCM-48, respectively. These values were found to
be inversely related to the adsorbents’ surface area.
Similarly, the CO, sorption capacity of C-MCM-
48 was also measured to be 0.36 mmol/g, while
C-MCM-48-50 and C-MCM-48-70 adsorbed CO, at
2.03 mmol/g and 1.16 mmol/g, respectively.

The adsorption capacities of UC-MSN and C-MSN
were 0.26 mmol/g and 0.50 mmol/g, respectively
(Fig. 11c and d). UC-MSN-50 had a CO, sorption
capacity of 3.31 mmol/g, which was 12.73 times that
of UC-MSN and 1.44 times that of UC-MSN-70.
Finally, it was reported that doping polyethyl-
eneimine at 50 and 70% proportions to the C-MSN
formed adsorbents with remarkably similar adsorp-
tion capabilities (1.85 mmol/g and 1.89 mmol/g).
The CO, adsorption capabilities of the CC-MSN-50
and CC-MCM-48-50 adsorbents were measured
at 75 °C as 1.83 mmol/g and 1.95 mmol/g, respec-
tively, following the CO, adsorption curves shown
in Fig. lle. These adsorbents were produced by
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Fig. 10 FT-IR spectrum of a) MCM-48- and b) MSN-based adsorbents compared to PEI

adding the CTMABYy surfactant before the impregna-
tion of the amine group to the calcined support mate-
rials. The CO, sorption capabilities of the two opti-
mally selected adsorbents at 100 °C were measured
to evaluate the temperature effect (Fig. 11f). Conse-
quently, UC-MSN-50 adsorbed CO, at remarkably
similar levels, namely 3.31 mmol/g and 3.43 mmol/g
at 75 °C and 100 °C, respectively. It was established
that the sorption capability of UC-MCM-48-50
(2.26 mmol/g at 75 °C) lowered to 1.72 mmol/g at
100 °C with the rising temperature. When the CO,
adsorption capacities of PEI-modified MCM-48 and
MSN amin-silica composites developed in this study
were compared with the values of various PEI-func-
tionalized silica-based materials presented in Table 3.
The results revealed that the PEI-modified MCM-48

and MSN composites were effective CO, adsorbents
due to their enhanced CO, capture capability. It was
also conspicuous that PEI-functionalized silica mate-
rials (especially UC-MSN-50: 3.31 mmol/g @ 75 °C
and UC-MCM-48-50: 2.26 mmol/g @ 75 °C) were
suitable for use as a prospective CO, adsorbent con-
cerning their competitively high CO, adsorption
capacity (3.31 mmol/g).

In summary, support materials with mesoporous
and targeted crystalline structures were prepared as
proven by nitrogen physisorption and x-ray diffrac-
tion analyses; the presence of surface functional
groups formed by PEI modification was determined
by FTIR analysis; SEM analysis concluded that the
silica support surface was coated with PEI; and
finally, amine-silica composite adsorbents exhibited
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Table 3 Comparing

> Support Type PEIl-loading Adsorption capacity References

the al.)lhty.Of P E[_' (wt.%) (mmol CO,/g-adsorbent)

functionalized silica-based

materials to adsorb CO, FS 40 2.16 (Zhao et al., 2019)
HMS-C 20-70 0.59-2.61 (Chen et al., 2010)
KIT-6 10-50 0.34-3.07 (Son et al., 2008)
KIT-6 40 0.55 (Zhao et al., 2019)
MCM-41 50 2.52 (Son et al., 2008)
MCM-41 40 0.71 (Zhao et al., 2019)
MCM-41 10-50 0.56-2.20 (Sanz-Pérez et al., 2017)
MCM-48 50 2.70 (Son et al., 2008)
MCM-48-C 10-50 1.06-2.16 (Qian et al., 2019)
MCM-48-W 10-50 1.46-2.59 (Qian et al., 2019)
SBA-15 50 2.89 (Son et al., 2008)
SBA-15 50 1.72 (Sanz-Pérez et al., 2017)
SBA-15 20-60 0.90-1.40 (Henao et al., 2020)
SBA-15 30 1.49 (Sanz-Pérez et al., 2016)
SBA-15 40 1.37 (Zhao et al., 2019)
SBA-16 50 2.93 (Son et al., 2008)

successful performance in the CO, adsorption pro-
cess. Thus, i) type of silica support material, ii)
calcination status of support material, iii) PEI load-
ing ratio, iv) surfactant additive, and v) adsorption
temperature parameters were comparatively exam-
ined, and the adsorption mechanism was explained
through adsorption isotherms and thermodynamics
in Section 3.6.

3.6 Adsorption Isotherms and Thermodynamics

The results of a study on four pure gas isotherm
models for CO, adsorption equilibrium were sum-
marized in Table 4. Comparisons between CO,
adsorption isotherms predicted through various iso-
therm models and experimental data for MCM-48-
and MSN-based adsorbents were given in Figs. 12
and 13. The affinity between adsorbent and adsorb-
ate molecules was represented by the Langmuir and
Freundlich isotherm constants, k;, and k,, which
increased with the rise in CO, adsorption capacity
(Fatima et al., 2023). For UC-MCM-48-50 and UC-
MSN-50, both constant values decreased at higher
temperatures (100 °C), suggesting physisorption
behavior. In contrast, calcined and PEI-modified sor-
bents had greater k; and kg values. A rise in the iso-
therm constant values suggested that PEI functional-
ities of calcined supports caused significant chemical

interactions in addition to the physisorption of CO,.
For pressures up to 60 kPa, there was an excellent
correlation between experimental isotherms and pre-
dicted curves (mostly Langmuir and Temkin, pos-
sibly Freundlich); however, the Langmuir model
fitted the data better across a wider pressure range.
The deviation from the model hypothesis at elevated
pressures appeared to make it more difficult to pre-
dict the adsorption capacity using the Freundlich and
Temkin equations. The coordinated fit order of the
isotherm models to the experimental data was Lang-
muir > Temkin > Freundlich > Dubinin-Radushk-
evich, as specified by the R? values in Table 4. Over-
all, the significant fit between experimental data and
theoretical predictions for Langmuir isotherms was
demonstrated by the high correlation coefficients (R?
> 0.993). For UC-MCM-48-50, the Langmuir iso-
therm’s value of g, indicated the greatest monolayer
coverage, which reduced as the temperature rose,
indicating that the adsorption process was exother-
mic. The Freundlich model’s heterogeneity factor (n)
values were higher than 1 in all amine-silica com-
posite adsorbents, indicating that physisorption was
the primary adsorption mechanism. The spontaneous
character of the adsorption process was confirmed
by the Freundlich heterogeneity parameter (1/n) val-
ues being smaller than 1. Furthermore, these values
change significantly following calcination before
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functionalization, suggesting that the adsorbent’s sur-
faces were energetically heterogeneous when apply-
ing PEI impregnation after calcination. For the PEI-
silica composite adsorbents, the mean free energy of
adsorption (E) determined by the D-R model was
less than 8 kJ/mol, confirming that physical forces
controlled the adsorption process and that it did not
generate a significant amount of heat. PEI-modified
UC-MCM-48 and UC-MSN sorbents’ Temkin model
correlation coefficients (R? ~ 99) revealed that the

Temkin isotherm fitted the experimental data quite
well, confirming the adsorbents’ energetically hetero-
geneous surfaces. The nature of adsorbate-adsorbent
interaction was also indicated by the Temkin model
parameter b, which expressed bonding energy. The
physical adsorption was confirmed by bonding ener-
gies up to 20 kJ/mol (Tiwari et al., 2018). For UC-
MCM-48-50 and UC-MSN-50, the Temkin constant
(ky) values declined with temperature, suggesting
that the CO, molecules had a physical interaction
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Fig. 13 Isotherm modeling of CO, adsorption: a comparison
between CO, adsorption isotherms predicted through various
isotherm models and experimental data for MSN-based adsor-
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(potentially a weak van der Waals interaction) with
the uncalcined silica-amine composites. Further-
more, k; values for calcined silica-amine composites
revealed an enhanced interaction between PEI func-
tionalities loaded after calcination and CO.,.

The thermodynamic constant values at different
temperatures for UC-MSN-50 and UC-MCM-48-50
were given in Table 5. Table 4 displayed that the k;
values of UC-MSN-50 and UC-MCM-48-50 dimin-
ished with increasing temperature, implying an exo-
thermic adsorption mechanism. The thermodynamic
study’s positive AG" values at 75 and 100 °C implied
a thermodynamically non-spontaneous adsorption
reaction. The exothermic characteristics of the CO,
adsorption processes for both amine-silica compos-
ites were corroborated by the negative AH" values
(—60.312 and —47.447 kJ/mol). The AH' value of
less than 20 kJ/mol signifies a physisorption pro-
cess, while the value falls between 80 and 200 kJ/mol
for chemical adsorption (Rashidi et al., 2016; Singh
et al., 2018). The adsorption process is typically con-
sidered to be dominated by chemical adsorption if the
enthalpy change is more than 40 kJ/mol. AS® values
were found to be —0.181 and —0.152 kJ/mol.K, in
this instance, the relatively low AS° number denoted
an insignificant entropy change. The negative value of
AS’ meant that the irregularity of the adsorption pro-
cess was reduced. It also signified that the adsorbate
molecules were situated and controlled at particular
adsorbent sites.

4 Conclusions

Within the scope of the study, the amine-impregnated
silica materials, known to have high CO, adsorb-
ing capacities in gas phase systems, were synthe-
sized then their characteristic properties were clari-
fied using analyses such as x-ray diffraction, FT-IR

spectroscopy, nitrogen sorption, and scanning elec-
tron microscopy. Uncalcined and calcined (UC-
MCM-48, UC-MSN, C-MCM-48, and C-MSN) silica
support materials were impregnated with polyethyl-
eneimine at different proportions (50% and 70% by
weight). When the impact of the impregnation pro-
cedure on the adsorbent characteristics was investi-
gated, it was revealed that the surface area decreased
significantly as the PEI loading ratio increased. The
characteristic diffraction peaks in the (1 0 0) plane
of MSN and the (2 1 1) plane of MCM-48 associ-
ated with the crystal structures were also preserved
even after the amine group was incorporated into the
silica-based materials. When the gaseous pollutant
CO, adsorption capabilities of adsorbents were exam-
ined, it was noted that the support materials without
PEI had low capacities (UC-MCM-48: 0.48 mmol/g,
MCM-48: 0.36 mmol/g, UC-MSN: 0.26 mmol/g,
C-MSN: 0.50 mmol/g), and the capacity values had
improved after the addition of the amine group to the
structure as 2.26 mmol/g and 3.31 mmol/g for UC-
MCM-48-50 and UC-MSN-50, respectively. Based
on the CO, adsorption plots at 75 °C, the capacities
of CC-MSN-50 and CC-MCM-48-50 produced by
mixing CTMABr surfactant to the calcined material,
and then adding PEI were 1.83 mmol/g and 1.95,
respectively. When the temperature effect on the CO,
adsorption ability was analyzed, it was specified that
UC-MSN-50 and UC-MCM-48-50 with optimum
holding values exhibited capacities as 3.43 mmol/g
and 1.72 mmol/g as a result of increasing tempera-
ture. Within the scope of this study, it was concluded
that adsorbents generated by impregnating PEI on
different mesoporous silica-based supports could
be utilized for CO, capture in gas phase adsorption
systems, and the adsorption performance could be
improved by changing the support material type, cal-
cination state, amine impregnation ratio and applying
surfactant doping.

Table 5 Thermodynamics Adsorbent code

Temperature AG® AH° AS°

parameters of CO, (K) (kJ/mol) (kJ/mol) (KJ/mol.K)
adsorption on UC-MSN-50
and UC-MCM-48-50 UC-MSN-50 348 2.770 -60.312 -0.181
373 7.302
UC-MCM-48-50 348 5517 —47.447 —0.152
373 9322
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