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ABSTRACT: Surface active amine-functionalized silica coated magnetic iron
oxide nanoparticles were prepared by a simple two-step process for adsorbing
CO2 gas from aqueous medium. First, oleic acid (OA) coated iron oxide
magnetic particles (denoted as Fe3O4-OA) were prepared by a simple
coprecipitation method. Then, the surface of the Fe3O4-OA particles was
coated with silica by using tetraethyl orthosilicate. Finally, aminated Fe3O4/
SiO2-NH2 nanoparticles were concomitantly formed by the reactions of 3-
aminopropyl triethoxysilane with silica-coated particles. The formation of
materials was confirmed by Fourier transform infrared spectral analysis.
Transmission electron microscopic analysis revealed both spherical and
needle-shaped morphologies of magnetic Fe3O4/SiO2-NH2 particles with an
average size of 15 and 68.6 nm, respectively. The saturation magnetization of
Fe3O4/SiO2-NH2 nanoparticles was found to be 33.6 emu g−1, measured by a
vibrating sample magnetometer at ambient conditions. The crystallinity and
average crystallite size (7.0 nm) of the Fe3O4/SiO2-NH2 particles were revealed from X-ray diffraction data analyses.
Thermogravimetric analysis exhibited good thermal stability of the nanoadsorbent up to an elevated temperature. Zeta potential
measurements revealed pH-sensitive surface activity of Fe3O4/SiO2-NH2 nanoparticles in aqueous medium. The produced magnetic
Fe3O4/SiO2-NH2 nanoparticles also exhibited efficient proton capturing activity (92%). The particles were used for magnetically
recyclable adsorption of aqueous CO2 at different pH values and temperatures. Fe3O4/SiO2-NH2 nanoparticles demonstrated the
highest aqueous CO2 adsorption efficiency (90%) at 40 °C, which is clearly two times higher than that of nonfunctionalized Fe3O4-
OA particles.

1. INTRODUCTION
Global warming is a major concern and has also been the
greatest threat to all living species and their safe survival on
earth. This is gradually increasing due to unplanned
industrialization, urbanization, deforestation, and excessive
and abusive use of the grazing fields that are increasing the
emissions of CO2 to the atmosphere.1,2 Recently, the National
Oceanic and Atmospheric Administration’s (NOAA) world-
wide monitoring laboratories have reported that the concen-
tration of global average atmospheric CO2 has reached 414.72
ppm (ppm).3 In fact, the annual rate of increase in atmospheric
CO2 over the previous 60 years is around 100 times greater
than that of the earlier usual increments.3 This increased
concentration of CO2 in the atmosphere causes a net air-to-
seawater CO2 flux and a crucial threat to human health,
animals, and even aquatic life, as it also decreases the
concentration of dissolved oxygen in seawater. Additionally,
the excessive concentration of CO2 reduces tropical fish’s
aerobic performance.4 It also causes significant tissue damage
in vital organs like the liver, kidney, pancreas, and even the

eyes.5 With the emissions of CO2 from fossil fuels, such as coal,
mineral oil, and natural gas combustion for transportation,
power production, and industries, both ecological and
environmental conditions are becoming worse day-to-day.7

Thousands of scientists have been working to find
environmentally benign, user-friendly, and cost-effective
methods for decarbonization to mitigate CO2 emissions in
the atmosphere throughout the globe. Among other techniques
reported for mitigation of CO2 emission, bicarbonate ion
formation in large scale via direct interactions between CO2
and water is an important and easily accessible method.
However, this process generates an acidic mixture that can
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cause a serious corrosion problem. Additionally, CO2
conversion is also a major concern for catalytic processes, as
it reduces the lifetime of reactor vessels as well as dramatically
decreases the activity of catalysts within a very short time.
Therefore, the industrial process can degrade the quality of
equipment and the finished goods.6 To minimize the emissions
of CO2, several other methods, such as precombustion,
postcombustion, and oxyfuel combustion technologies have
been applied in industries.8−10 However, these methods are
generally rather expensive, accounting around for 70 to 80% of
the entire cost of the carbon capturing and sequestration
technology.11 The widely used postcombustion capture
techniques include cryogenic separation, membrane separation,
solvent absorption, and surface adsorption using various solid
adsorbents.12−16

The adsorption method is more important than other
techniques because it is reversible in nature, and the adsorption
efficiency can be easily improved by modifying the structure
and functionality of the adsorbent materials. The CO2
adsorption efficiency can, therefore, be improved by selecting
an appropriately designed adsorbent material though solid
adsorbents, like ordered porous carbon, activated carbon fibers,
natural products derived porous carbon, activated carbon, and
graphene, or noncarbonated adsorbents, such as silica, zeolites,
porous polymers and their membranes, metal organic frame-
works, alkali metal-based materials, and metal oxide carbo-
nates, have some advantages over other adsorbent material, for
example, ease of handling, required low regeneration energy,
low cost, high capacity for adsorption, and relatively faster
adsorption−desorption kinetics. These methods are partially
discouraged due to their certain limitations, such as renewal
and recyclability issues, high-temperature reactions, and
complex procedures.17−19

Application of suitable basic solvents is another important
strategy for the absorption of CO2. Having various advantages,
such as high absorption efficiency, high desorption capability,
and low regeneration energy, many basic solvents, such as salts
of aqueous amines, ionic liquids, piperazine and their
derivatives, and amino alcohols, are being used for CO2
absorption. However, these solvents have some disadvantages,
like undesirable solvent loss,20 high energy consumption,21,22

formation of unwanted byproducts,23 and corrosion prob-
lems.24 Besides these base solvents, water has many
advantages, such as inert nature, low vapor pressure, the
highest specific heat capacity, inexpensiveness, easy availability,
nontoxicity, noncorrosiveness, and inflammability, and it is
attracting much attention from researchers. For example,
Pineda et al. evaluated CO2 absorption using methanol-based
nanofluids of SiO2 in an acrylic tray column absorber and
concluded that SiO2 nanofluids enhanced CO2 capture by
9.7%.25 Kim et al. investigated the CO2 absorption properties
of water-based SiO2 nanofluids. They reported that the CO2
absorption rate of the water-based SiO2 nanofluid was
increased up to 24%.26 In an absorption packed column, J.
Salimi et al. investigated the CO2 absorption by water-based
Al2O3 and Al2O3-SiO2 nanofluids. According to their results
Al2O3 nanofluid markedly increased the absorption capacity
(14%) compared to that of Al2O3-SiO2 (10%) nanofluid.27

Recently metal oxide nanoparticles have received consid-
erable research interest because of their unique behaviors,
namely rapid rate of recovery, low toxicity, large active surface
area, magnetic manipulation, and reusability potentials.1,28−31

For example, Haghtalab et al. utilized ZnO and SiO2

nanofluids to evaluate CO2 absorption in a bubble absorber.
They found that the presence of ZnO in the medium raised the
CO2 capturing efficiency up to 14% compared to that of SiO2
(7%).32 Samadi et al. demonstrated the effect of magnetic
properties on CO2/water absorption. The ability of nano-
solutions for absorbing CO2 can be increased up to 22.35%
compared to that in the absence of any magnetic field.33 Salimi
et al. studied the CO2 absorption of water-based Fe3O4 and
NiO nanofluids and reported that the absorption amount by
Fe3O4 nanofluid was 12%, which is higher than that of NiO
(9.5%).34 Rahmatmand et al. investigated CO2 absorption with
water-based Al2O3, carbon nanotubes, SiO2, and Fe3O4
nanofluids in a high-pressure batch system. In this study,
Al2O3, SiO2, Fe3O4, and carbon nanotube nanoparticles
increased CO2 absorption capacity in pure water by 18%,
21%, 24%, and 34%, respectively.35

Several studies have demonstrated that the adsorption of
CO2 involves formation of chemical bonding between gaseous
CO2 and the amino groups present on the surface of magnetic
particles.36,37 To facilitate this adsorption process, several
nanofluids were prepared by using a probe-type ultrasonic
agitator. For example, Elhambakhsh et al. studied the effect of
the number of primary amine (-NH2) groups on the
adsorption of CO2 in base solvent with water. In their study,
they synthesized aminated silica coated magnetic particles
(Fe3O4@SiO2-AP) and carboxyl-aminated silica coated mag-
netic particles (Fe3O4@SiO2-lysine). The adsorption efficiency
of Fe3O4@SiO2-lysine particles was 88.00%, which is higher
than that of Fe3O4@SiO2-AP particles. They proved that the
higher the number of amine groups, the higher the adsorption
of CO2.

36 In another work, Elhambakhsh et al. studied the
adsorption of CO2 by Fe3O4, Fe3O4-pyroline, Fe3O4-lysine,
and Fe3O4@SiO2-NH2 nanoparticles in the base solvent
sulfinol-M considering various aspects. They mainly focused
on the stability of the particles at higher concentrations,
chemical reactions between the particles and CO2, etc. They
reported that all the Fe3O4 nanoparticles modified with amine
functional groups are stable at higher concentrations. The
reaction tendency among such particles and CO2 molecules
was higher, and the highest adsorption efficiency was
noticed.37 Fe3O4@SiO2-SNH2 nanoparticles were synthesized
by the functionalization of Fe3O4 using tetraethyl orthosilicate,
aminopropyl triethoxysilane, and diethylene tetraamine
(DETA). The obtained adsorbent particles were used to
capture CO2 in a base solvent by Arshadi et al.24 Their
absorption mechanism was based on the size decreasing of
CO2 bubbles by the -NH2 groups of the synthesized particles.
They considered the net effects of nanoparticle loading,
hydrophilicity, the quantity of nanoparticles, reaction temper-
ature, and absorption time for CO2 absorption. In this
research, they devised a customized bubble-based column
system, where a gas mixture containing CO2 was introduced
into the column in the form of small bubbles. This was
achieved by employing a gas diffuser with a pore size ranging
from 4 to 10 μm, which was positioned at the column’s
basement. Then, the diffusion boundary layer of the CO2
bubbles is more quickly surrounded by the symmetric amine-
based nanodendric adsorbent, creating a symmetrical interface
that is stabilized by CO2 on the solid surface. The efficiency of
CO2 absorption was found to be the highest when using an
absorbent with a high density of amine functional sites and
high hydrophilicity, resulting in about 70% enhancement in
CO2 absorption. The size classification of these gas bubbles has

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10082
ACS Omega 2024, 9, 20891−20905

20892

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a significant impact on the efficiency of CO2 absorption.
However, it is well-known that the size of the gas bubbles in a
bubble column is influenced by several factors, such as
interfacial tension, gas-phase density, liquid-phase viscosity,
pressure, temperature, and orifice diameter. A study of CO2
absorption based on CO2 solubility in water was conducted by
Hafizi et al. using their prepared DETA functionalized Fe3O4
nanoparticles. The absorption efficiency was about 77%.38

Oddo et al. also investigated the influence of temperature on
CO2 absorption using aminated magnetic nanoparticles.39

These research works overlooked the pH changes in their
dispersion medium, distilled water, which is a crucial parameter
for affecting the CO2 capture. This is because CO2 molecules
easily form carbonic acid in water due to the Lewis acidic
characteristic, and the carbonic acid molecules dissociate to
become bicarbonate ions. Additionally, these studies did not
consider the alkaline properties of their used solvents and that
may contain water, which facilitates CO2 capture through
acid−base interactions. These characteristics may hamper the
capacity and rates of CO2 absorption.

In our previous investigation, we developed potentially
active difunctional core−shell composite polymer particles and
used them as a recyclable adsorbent for capturing acidic CO2
in an aqueous medium.40 This research endeavor provided
valuable insights into the applicability of composite polymer
particles for CO2 capturing; however, several significant
limitations were identified. One of the major drawbacks of
our previous approach was the intricate and time-consuming
multistep synthesis process required to fabricate the composite
polymer particles. Another critical limitation is the gradual
dissolution of the copolymer-shell layer in the aqueous
medium and the requirement of prolonged mechanical
separation procedures. Furthermore, the composite polymer
particles lacked the ability to undergo efficient regeneration
after CO2 adsorption−desorption cycles from the dispersion
medium. The lack of renderability raised concerns regarding
the long-term sustainability and cost-effectiveness of the CO2
capturing process.30,37,39 Therefore, appropriate design and
synthesis of adsorbent materials having faster adsorption−

desorption kinetics, considerable recyclability, and promising
colloidal dispersity with rapid real-time separation capability
from the dispersion medium are highly crucial for low-cost
adsorption of CO2.

Therefore, the objective of this research work is the design
and synthesis of amine-functionalized silica-coated surface-
active magnetic iron oxide particles via a facile two-step
process for magnetically recyclable, economically feasible, and
faster adsorption of CO2 from an aqueous medium at different
conditions. Here, magnetic iron oxide nanoparticles ensure
suitable magnetism that allows relatively easier and faster
separation of the adsorbent materials from the dispersion
medium via magnetic attraction by using a simple permanent
magnet. However, bare magnetic nanoparticles are highly
prone to aggregate from the dispersion medium. Usually
magnetic particles cannot be redispersed even after removal of
the magnetic field because of their self-magnetism, high surface
energy, and high ratio of surface area-to-volume. Optimum
silica coating on the bare-surface of iron oxide particles works
as a self-defensive compartment for each magnetic-core. Silica
coating also improved magnetism via enhancing the number of
net unpaired electron spin-order structures. Additionally, silica
coating also enhances dispersity, colloidal stability, and
hydrophilicity and minimizes the possibility of particles’
flocculation and leaching out of iron atoms from core particles
during multiple adsorption−desorption cycles of CO2 in acidic
medium. Amine functionalization of the silica coated magnetic
iron oxide adsorbent particles provides an active cationic
surface via easier protonation in aqueous medium to adsorb
aqueous CO2 as bicarbonate ions. The continuous pH changes
for the adsorption/desorption of CO2 in the presence of
adsorbent particles in the blank medium, namely distilled
deionized water, were assessed and monitored by using a
simple magnet and a pH meter. The synthesized particles were
used to capture CO2 under various conditions via using a
highly accessible aqueous medium. Finally, the magnetically
recyclable adsorption−desorption efficiency of aqueous CO2 of
the designed nanoparticles was also studied.

Scheme 1. Schematic Representation of the Synthesis of Amine-Functionalized Silica Coated Iron Oxide Magnetic
Nanoparticles
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2. EXPERIMENTAL SECTION
2.1. Materials. Iron(III) chloride (FeCl3), iron(II) sulfate

heptahydrate (FeSO4·7H2O), ammonium hydroxide (25%, w/
v), and ethanol were purchased from Merck, Germany.
Tetraethyl orthosilicate (TEOS) and oleic acid (OA) were
purchased from Sigma-Aldrich, Chemie GmbH, USA, and 3-
aminopropyl triethoxysilane was purchased from Tokyo
Chemical Industry Co., Ltd., Japan. CO2 used for adsorption
was purchased from Qingdao Guida Special Gas Company
Ltd., China. All other chemicals were of analytical grade and
used without further purification. Distilled deionized water was
used throughout the study.
2.2. Methods. 2.2.1. Synthesis of Oleic Acid Coated Fe3O4

Magnetic Nanoparticles. Oleic acid-coated iron oxide
magnetic (Fe3O4-OA) nanoparticles were synthesized by the
modified coprecipitation method41,42 using anhydrous FeCl3
and FeSO4·7H2O salts with a Fe3+/Fe2+ molar ratio of 2:1,
which is shown in the first part of the Scheme 1. The detail
recipes are shown in Table S1. In brief, under purging nitrogen,
suitable amounts of FeCl3 and FeSO4·7H2O salts were
dissolved in distilled deionized water, the solution was
transferred into a 500 mL three-necked round-bottom flask,
and the flask was placed on a thermostat oil bath. The mixture
was mechanically stirred continuously at 600 rpm. The reactor
flask was heated at 80 °C for 20 min, followed by dropwise
addition of aqueous ammonia solution until the pH of the
reaction mixture reached between 9 and 10. A black precipitate
was formed immediately just after complete addition of
aqueous NH4OH. After 30 min of reaction, a considerable
amount of oleic acid was added and the reaction mixture was
stirred for another 30 min at the same temperature. Finally, the
dispersion was magnetically washed several times with 0.01 M
HCl and with distilled water. The obtained solid mass was
dried in an electric oven at 80 °C and stored in a black-tape
wrapped container, which was kept in a refrigerator for further
use.
2.2.2. Surface Coating of Magnetic Fe3O4-OA Nano-

particles with Amine-Functional Silica. The in situ amine-
functionalization and silica coating protocol of magnetic
Fe3O4-OA nanoparticles is shown in the second step of
Scheme 1. The variable ingredients and recipes for synthesizing
Fe3O4/SiO2-NH2 nanoparticles are shown in Table S2. In
brief, Fe3O4-OA particles was dispersed ultrasonically in a
conical flask containing distilled deionized water and ethanol.
The dispersion was, then, treated with aqueous NH3 (25 wt %)
solution to maintain the dispersion pH at 9−11. Afterward, the
mixture was magnetically stirred for 1 h at 200 rpm. Then, the
required amount of TEOS was added to the system. After 6 h,
the necessary amount of APTES was added to the stirred
dispersion. The dispersion was magnetically stirred under
nitrogen at identical conditions, and the reaction was
continued for 6 h. The nanoparticles from the reaction
mixture were, then, collected by using an external magnet and
magnetically washed five times with deionized distilled water.
The washed particles were dried in an electric oven at 60 °C
and stored in a refrigerator for real application.
2.2.3. Characterization of Amine-Functionalized Silica

Coated Magnetic Nanoparticles. The physicochemical
characteristics of reference Fe3O4-OA and Fe3O4/SiO2-NH2
were studied through various techniques to get insight on the
functional groups, thermal stability, saturation magnetization,
morphology, and crystalline structure of Fe3O4-OA, before and

after the functionalization process. These techniques were
Fourier transform infrared spectroscopy (FTIR), which was
conducted using a PerkinElmer FTIR-100 spectrophotometer,
Waltham, MA, USA. Prior to the analytical measurements, the
sample dispersion underwent a purification process and was
subsequently dried at 60 °C overnight and vacuum-dried under
reduced pressure in a desiccator. About 10 mg of the dried
sample was added to 100 mg of vacuum-dried KBr-pellets to
make a thin disk using a high-pressure compressor at room
temperature. The spectral data were acquired by scanning
across a wavelength range of 4000 to 200 cm−1 in transmission
mode. Thermal analyses were performed using a thermogravi-
metric analyzer, Seiko Instrument Inc., EXSTAR-6000, Japan.
The thermal properties of the dry powdered samples were
evaluated at a thermal range of 30 to 800 °C using a heating
rate of 10 °C per minute under nitrogen atmosphere. The
initial weight of each sample was approximately 10 mg. During
this experiment the continuous weight loss was recorded
against changing temperature. Magnetization measurements
were performed at 300 K using a vibrating sample magneto-
meter (VSM), MicroSense, EV9, USA. VSM analysis was
conducted over a magnetic field range of ±50,000 Oe. In this
experiment, dried powdered samples were utilized. Each
sample had an initial weight of around 10 mg. X-ray diffraction
analysis of the nanoparticles was performed using an X-ray
diffractometer, Bruker D8 Advance, Germany. Monochromatic
CuKα radiation (λ ≈ 1.5418 Å) was utilized, with a tube
voltage of 40 kV and a tube current of 40 mA, at room
temperature. The diffraction scans covered a 2θ range from 10
to 80°, employing a continuous scan rate of 0.167° per minute,
with the position-sensitive detector aperture set to enhance
resolution. Transmission electron microscopy (TEM), Hitachi
HT7830, Japan, measurements were performed at 120 kV. To
make samples for the TEM experiment, the diluted dispersion
of each sample was dropped on a Cu-grid using a micropipette.
The sample containing grid was then dried in a vacuum
desiccator overnight under reduced pressure at room temper-
ature. The dried sample surface was finally coated with Au
using a vacuum sputtering machine. Prior to TEM observation
the metal-coated Cu-grids were preserved in a vacuum
desiccator at dark. A centrifuge machine, Kokuson Corpo-
ration, Tokyo, Japan, pH meter, MP220, Mettler Toledo,
Switzerland, and hot plate magnetic starrier, DLAB, from
China, were also used. The zeta potential of synthesized
nanoparticles was determined using a ZS-100 Nano Particle
Analyzer, Malvern, USA, by dispersing the nanoparticles in
deionized distilled water at various pH levels. The dispersion
was diluted to approximately 0.01% of solid content using
deionized distilled water, and the measurements were
conducted at 25 °C.
2.2.4. Proton Capturing Activities of Fe3O4/SiO2-NH2

Nanoparticles. The proton capture efficiencies of Fe3O4/
SiO2-NH2 and reference-Fe3O4-OA nanoparticles were meas-
ured via monitoring the pH variations of their aqueous
dispersions at different sets of temperatures. The overall pH
changes and individual change of the hydrogen ion
concentration for specific points (pH 6 and pH 4) at different
temperatures are shown in detail in Figure S1. In brief, the
experiment was conducted using a four-necked round-
bottomed flask, which was equipped in a thermostat water
bath. 100 mL of deionized distilled water was added to the
flask, and the temperature of the flask was adjusted to 25 °C.
The initial pH of the water in the flask was set to 6, by adding
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0.01 M HCl aqueous solution. Then, a certain amount of dry
Fe3O4/SiO2-NH2 nanoparticles was introduced into the flask.
The dispersion was mechanically stirred at 100 rpm, and its pH
change was monitored over a period of 2 h. This identical
experiment was also conducted for 30, 35, and 40 °C. All the
measurements were repeated for three times, and their average
values are reported with standard error bars. For both the
Fe3O4/SiO2-NH2 and reference-Fe3O4-OA nanoparticles all
these experiments were also conducted at pH 4. Observed
changes in hydrogen ion concentration as well as pH-specific
changes for all the experiments at different temperatures at
typical pH values are graphically illustrated in Tables S3 and
S4.
2.2.5. Experimental Setup for the Adsorption of Aqueous

CO2. An aqueous CO2 absorption study was performed in a
four-necked round bottomed flask according to our established
procedure with some modifications, which is schematically
shown in Figure 1.40 Our real experimental set up used for
aqueous adsorption of CO2 is illustrated in Figure S2. The
modified protocol for aqueous adsorption of CO2 is described
here in brief: a certain amount of distilled deionized water was
taken in the flask. The pH of the water was initially adjusted to
6 (point A, Figure 1b) by using a few drops of dilute HCl
solution, and CO2 gas was started to pass into the flask from a
cylinder (Figure 1a). During the passing of gaseous CO2 in the
host medium, namely distilled water, the pH change was
monitored by using a simple pH meter. When the pH reached
to point B, CO2 gas passing was stopped. Then, to escape free
CO2 from the host medium, the pH change was observed for 2
h until it reached to point C (Figure 1b). At that point, a
suitable amount of magnetic adsorbent nanoparticles was
added to the CO2 consumed aqueous medium. Finally, the pH
of the dispersion was monitored continuously until the pH
reached to the fixed-point D (Figure 1b).
2.2.6. Aqueous CO2 Adsorption Efficiencies of Fe3O4/SiO2-

NH2 and Reference-Fe3O4-OA Nanoparticles. The perform-
ance of synthesized magnetic nanoparticles was assessed for
adsorption of CO2 by using deionized distilled water as a host
medium at different pH values and temperatures. At each
temperature, initially the pH value of 100 mL of distilled water
was fixed at 6 (point A in Figure 1b) using dilute HCl, and
then, this pH value was reduced to 4 (fixed at point B) by

passing CO2 gas from the cylinder. CO2 passing was then
stopped until the pH value became constant at a higher pH
value (at point C), allowing a stable pH through the free
escaping of undissolved CO2. At this stage (point C), a suitable
quantity of adsorbent nanoparticles was added, and we had to
wait until the pH value of the dispersion reached to the highest
value (point D). At each stage (points A to D) mechanical
stirring was kept continuous at 100 rpm. The difference in the
molar hydrogen ion concentration between points D and C
was used to calculate the captured amount of CO2 by
experimental nanoparticles using the logarithmic relationship
which is shown in eq 1. The trends in the change of pH values,
and their individual values, with hydrogen ion concentrations
for each measurement are illustrated in Figures S3 and S4 and
in Tables S5, S6, and S7, respectively.

pH log H= [ ]+
(1)

The percentage efficiency for aqueous CO2 adsorption was
calculated by using eq 2.

CO adsorption efficiency (%)

(Amount of adsorbed CO at point C

Amount of adsorbed CO at point D)/

(Amount of adsorbed CO at point C) 100

2

2

2

2

=

× (2)

2.2.7. Recovery and Reuses of CO2-Adsorbed Magnetic
Fe3O4/SiO2-NH2 Nanoparticles. This investigation involves
five cycles of CO2 adsorption and desorption at 40 °C by using
a simple permanent magnet and 0.01 g of magnetic Fe3O4/
SiO2-NH2 nanoparticles in aqueous medium. Gas-adsorbed
Fe3O4/SiO2-NH2 nanoparticles were magnetically separated
from the aqueous dispersion. Then, the CO2 gas-bounded
adsorbent was treated with 0.1 M aqueous NaOH solution to
free the adsorbent nanoparticles via formation of the
consumed CO2 gas as a solid product, namely NaHCO3(s).
After that, the freed adsorbent nanoparticles were magnetically
separated, washed with distilled deionized water, and reused
for the next cycle of CO2 adsorption. The recovery and reuse
of adsorbent nanomaterials were studied up to the fifth cycle.

Figure 1. (a) A typical schematic experimental set up, and (b) graphical representation of the pH variations for the adsorption of aqueous CO2 by
magnetic Fe3O4/SiO2-NH2 nanoparticles.40
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3. RESULTS AND DISCUSSION
3.1. Formation and Functionality of Fe3O4/SiO2-NH2

Nanoparticles. The formation of magnetic iron oxide, OA-
capping, and aminated-silica coating on the bare surface of
magnetic nanoparticles were confirmed by FTIR spectra
analyses, which are shown in Figure 2. In the FTIR spectrum

of Fe3O4-OA (Figure 2a), a typical broad peak appearing at
3200−3700 cm−1 is due to the -O−H stretching modes of
hydrophobically capped-OA and physiochemically adsorbed
water on the surface of magnetic particles.43−45 The C−H
stretching vibrations of unsaturated moieties were found at
3020−3170 cm−1, while two other bands appeared at 2850 and
2922 cm−1, that were assignable to the characteristic symmetric
and asymmetric stretchings of C−H bonds in the -CH2 and
-CH3 groups of OA. A quite broad band was seen at 1633 cm−1

because of the band overlapping of the stretching vibration
mode of C�C and the bending vibration of O−H groups. The
C�O stretching vibrations of carboxylate groups in OA
appeared at relatively lower wavenumbers (1385 and 1408
cm−1), due to the chelate formation via ligation to the Fe
atoms on the surface of Fe3O4 nanoparticles.45 In addition, the
C−O stretching vibration band was seen at 1108 cm−1, while

two additional characteristic chain bending vibration peaks for
C−C in long chained OA appeared 890 and 795 cm−1. Two
significant vibrational absorption signals were observed at 621
and 403 cm−1 that can be attributed to the Fe−O bonds in
Fe3O4.

44 These bands revealed that the Fe3O4 nanoparticles
were formed and their bare surface was capped with OA. In the
FTIR spectrum of Fe3O4/SiO2-NH2, several peak positions,
such as O−H, aliphatic and vinylic C−H, C�O, C−O, C−C,
and Fe−O bands, were shifted (Figure 2b). In addition, some
characteristic new vibrational peaks appeared in the regions of
1050−1100 cm−1 and 791−805 cm−1 that can be assignable to
the asymmetric and symmetric stretching of Si−O and
bridging Si−O−Si bonds, respectively.46,47 The peak at 3400
cm−1 corresponded to the free N−H stretching, which was
quite broad due to the overlapping with the O−H stretching,
whereas the peak at 1630 cm−1 was assignable to the N−H
bending vibration of -NH2.

48 The symmetric and asymmetric
C−H stretching vibrations of propyl groups were also observed
at 2850 and 2925 cm−1, respectively, whereas the bending
vibrations of -CH2 in the propyl chain appeared at 895 and 795
cm−1.49,50 At 1554 cm−1, a deformation of the vibrational
absorption peak of N−H bond occurred. These results
suggested that the bare surface coated with silica and
aminopropyl groups was concomitantly introduced on the
surface of magnetic Fe3O4 nanoparticles.51

3.2. Shape, Size, Surface Morphology, and Crystal
Structure of Fe3O4/SiO2-NH2 Nanoparticles. TEM images
of Fe3O4-OA particles are shown at different magnification
scales in Figure 3a−c, which illustrate the alignment of tiny
spherical particles with some needle-like rods with unsmooth
surface morphology. The average length of the nanoneedles
was around 63.82 nm, and they were about 9.80 nm wide. One
can see that some Fe3O4-OA nanoparticles were spherical in
shape with an average size of 8.77 nm. Such needle-shaped
alignment has also been noticed for magnetic particles in
previous reports.52,53 Wang et al. reported that the formation
of such a needle-shaped morphology is possible, when the
crystal growth rate is relatively higher in the direction of a
single plane of (110).54 After surface coverage of Fe3O4-OA
particles with an aminated SiO2 layer, the TEM images at
different magnification scales in Figure 3d−f showed the
retention of their sizes in both spherical and needle-shaped
particles.55 However, their average sizes and surface

Figure 2. FTIR spectra of (a) reference-Fe3O4-OA and (b) Fe3O4/
SiO2-NH2 magnetic nanoparticles.

Figure 3. TEM images (a−c) of Fe3O4-OA and (d−f) for Fe3O4/SiO2-NH2 magnetic nanoparticles at different magnifications.
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morphologies were slightly changed because of the coating
with amine functional hydrophilic silica. For example, the
average size of spherical Fe3O4/SiO2-NH2 was found to be
10.04 nm and the needle-shaped particles were around 65.56
nm in length and about 10.50 nm in width. In addition, the
needle-shaped alignment of tiny Fe3O4-OA particles was
mostly preserved, as such an arrangement is quite evident
during functionalization. The darker spots accounted for the
aggregation of tiny iron oxide particles, while the less dense
region around the darker spots represents the amorphous SiO2
coating. The average sizes of both spherical and rod-shaped
Fe3O4/SiO2-NH2 particles are fairly larger than those of Fe3O4-
OA particles, which is an indication of successful surface
modification with hydrophilic amine functional silica.

Representative high-resolution TEM (HRTEM) micro-
graphs and selected area electron diffraction (SAED) patterns
of Fe3O4-OA and Fe3O4/SiO2-NH2 nanocrystals are shown in
Figure 4. In the HRTEM images of Fe3O4-OA (Figure 4a), the
Braves lattice interplanar distances were measured to be about
0.290, 0.250, 0.170, and 0.164 nm, which can be assignable to
the (220), (311), (422), and (511) crystalline planes of the
Fe3O4 core, respectively.56 Besides, a typical HRTEM
micrograph of Fe3O4/SiO2-NH2 nanocrystals (Figure 4b)
also exhibited vividly clear lattice fringes. The interplanar
distances of Fe3O4/SiO2-NH2 nanoparticles were calculated to
be 0.290, 0.250, 0.208, and 0.196 nm, which are assignable to
the Braves lattice (220), (311), (400), and (331) planes. The
lattice spacing of crystalline planes is almost similar to that of
found in the XRD pattern, except for the (400) crystalline
plane.56,57 The selected area electron diffraction (SAED)
patterns of both bare and silica coated nanoparticles (Figure 4c
and d) depicted bright Debye−Scherrer rings, which indicate
the polycrystalline nature of the Fe3O4 core as indicated by
XRD patterns. The ring patterns corresponded to the (111),
(220), (311), (422), and (440) planes.

The crystallinity and crystallite size of prepared nano-
particles were measured by X-ray diffraction (XRD). The XRD
patterns of Fe3O4-OA and the effect of amine functionalization
and silica coating on the crystal structure of Fe3O4-OA core
particles are shown in Figure 5. The XRD pattern of Fe3O4-OA

revealed five characteristic peaks at the two theta values of
21.11°, 35.5°, 53.36°, 57.37°, and 62.95°, which are assignable
to the lattice planes of (111), (311), (422), (511), and (440),
respectively (Figure 5a). The presence of these diffraction
signals corresponds to the crystalline cubic spinal structure of
Fe3O4 nanoparticles.58−6061 In the XRD pattern of Fe3O4/
SiO2-NH2 no additional peak was observable, which implied
that the Fe3O4-OA crystal structure was not affected by amine
functionalization and silica coating during the formation of

Figure 4. HRTEM images (a and b) and SAED patterns (c and d) of reference-Fe3O4-OA and Fe3O4/SiO2-NH2 magnetic nanoparticles,
respectively.

Figure 5. X-ray diffraction patterns of (a) Fe3O4-OA and (b) Fe3O4/
SiO2-NH2 magnetic nanoparticles.
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Fe3O4/SiO2-NH2 nanoparticles. In addition, no broad
reflection was observable at the lower 2θ regions for both
the particles because of minor amorphous segments of OA-
capping (Figure 5a), and in the presence of optimum
amorphous silica coating (Figure 5b).58 The diffraction signal
intensity of Fe3O4/SiO2-NH2 nanoparticles was relatively
higher than that of Fe3O4-OA, which is demonstrating that
the improvement in crystallinity is via optimum TEOS coated
iron oxide nanoparticles. The broadening of each peak in both
the XRD patterns is meant for the lower crystallite sizes that
were calculated by using Scherrer’s eq 3

D K / cos= (3)

where D is the average diameter of each crystallite, K is the
Scherrer constant, λ is the X-ray wavelength (0.15406 nm), β is
the full-width at half-maximum of a peak, and θ is the Bragg’s
diffraction angle. Considering the most intense signal (311),
the average crystallite size of reference Fe3O4-OA was
calculated to be 8.13 nm, while for the aminated silica coated
iron oxide it was 7.00 nm. Such crystallite size reductions for
postsynthesis coated magnetic particles have already been
noticed in previous literature.62−64

3.3. Magnetism of Fe3O4/SiO2-NH2 Nanoparticles.
Figure 6 illustrates the magnetization curves of Fe3O4/SiO2-

NH2 and reference Fe3O4-OA nanoparticles as a function of
the applied magnetic field at ambient conditions. The existence
of open hysteresis loops in their magnetization versus applied
magnetic fields with very negligible remanence and coercivity
was observed. The presence of linear hysteresis and minimal
remanence and coercivity demonstrates the single domain,
paramagnetism, and high crystallinity of these magnetic
nanoparticles. The saturation magnetization (Ms) was
calculated with respect to the mass of reference Fe3O4-OA.
The Ms value of Fe3O4/SiO2-NH2 nanoparticles was slightly
higher (33.61 emug−1) than that of Fe3O4-OA particles (31.52
emug−1). The increase in Ms value is because of the
improvement in uniformity of the surface characteristics and
net electron spin stabilization via chemical bonding with silanol
moieties.65 The lower magnetism of the Fe3O4-OA is due to a
reduction in the number of oxygen atoms surrounding the

octahedral iron, which is five rather than six as in the bulk
magnetite. The in-plane oxygen ions are also closer to the Fe
ions at the surface of magnetite, enhancing the hybridization of
dx2−y2 orbitals. As the orbitals move further from the Fermi
level, they become partially empty, resulting in magnetic
moment loss at the surface of the Fe3O4-OA nano-
particles.66−68 In the absence of an external magnetic field,
the Fe3O4/SiO2-NH2 particles are fully dispersible in aqueous
medium. However, in the presence of a permanent magnet, the
nanoparticles were completely separated from their aqueous
dispersion within a few seconds (inset images shown in Figure
6). The exhibited magnetic behavior is suitable for faster
separation of the adsorbent nanoparticles from their dispersion
using a simple, easily accessible permanent magnet for multiple
adsorption−desorption and recycling applications.
3.4. Thermal Stability of Fe3O4/SiO2-NH2 Nano-

particles. The thermal stabilities of magnetic Fe3O4/SiO2-
NH2 and reference Fe3O4-OA nanoparticles are shown in
Figure 7. The first weight loss for both magnetite nanoparticles

at 100 °C is most likely due to the presence of loosely bounded
and physiosorbed water.69 The thermogram for Fe3O4-OA
nanoparticles (Figure 7a) shows significant weight loss
between 180 and 430 °C, which can be ascribable to the
pyrolysis of organic content (OA), a clear indication of Fe3O4
surface coverage.70 The organic material was thermally
decomposed up to 450 °C, and the final residual weight of
70% represented the sample’s inorganic iron oxide compo-
nent.71 The TGA curve (Figure 7b) of Fe3O4/SiO2-NH2 had
also shown two-step weight loss. The elimination of surface
adsorbed water molecules, and physically adsorbed solvent
molecules trapped in the SiO2 layer is responsible for the initial
weight loss (4.3%) at temperatures ranging from 40 to 260
°C.72 The second weight loss (4.4%) in the TGA curve at
260−480 °C is due to the disintegration of the aminopropyl
moieties of APTES linked to the silica surface of the core
Fe3O4.

73 In addition, for both samples a slight weight variation
noticed at the temperature region of 600−784 °C is attributed
to the phase transition from Fe3O4 to Fe2O3 and FeO
structures.74,75

3.5. pH-Responsive Surface Charge Potentials and
Activities of Fe3O4/SiO2-NH2 Nanoparticles. The pH-
dependent zeta potentials of Fe3O4-OA and Fe3O4/SiO2-NH2

Figure 6. Magnetization curves of (a) Fe3O4-OA and (b) magnetic
Fe3O4/SiO2-NH2 nanoparticles. The inset shows digital photographs
of the magnetic separation of Fe3O4/SiO2-NH2 particles under
external magnetic field from aqueous medium.

Figure 7. Thermograms of (a) Fe3O4-OA and (b) magnetic Fe3O4/
SiO2-NH2 nanoparticles. Conditions: heating rate was 10 °C min−1,
under purging N2.
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were measured in deionized distilled water at 25 and 40 °C,
and the data are shown in Figure 8a and b. The negative
charges on the Fe3O4-OA particles (Figure 8a) increased with
increasing pH, which is plausibly due to the protonation of free
hydroxyl groups at higher pH values. The zeta potential of
Fe3O4-OA showed higher positive values in the range of pH
4−10 at 40 °C than that at 25 °C, which indicates that the zeta
values were slightly increased with increasing temperature.76 At
pH 2, zeta potential values were slightly raised up to 0.3 mV to
7.2 mV at 25 and 40 °C, respectively. The variations of the zeta
potential of Fe3O4/SiO2-NH2 nanoparticles (Figure 8b)
showed that as pH is increased from 4 to 10, the negative
charge density gradually increased. Fe3O4/SiO2-NH2 nano-
particles appeared to have a higher positive zeta potential at
pH 2, which is ascribable to the protonation of amine groups
and free -OH groups present on the surface of particles in
aqueous dispersion. Hence, the amount of positive charge on
the surface of Fe3O4/SiO2-NH2 particles is obviously higher
than that on the Fe3O4-OA particles.67,77 The point zero
surface charge values of Fe3O4-OA and Fe3O4/SiO2-NH2 were
found to be about 2.0 and 3.1 at 25 °C; and 2.5 and 3.4 at 40
°C, respectively. The significant changes in zeta potential
values as well as the change of point zero charge values at a

higher extent is the clear indication of surface modification
with aminated silica.
3.6. pH- and Temperature-Dependent Proton Cap-

turing of Fe3O4/SiO2-NH2 Nanoparticles. Figure 9 shows
the pH- and temperature-dependent proton capturing amounts
for the active surface of Fe3O4/SiO2-NH2 and reference Fe3O4-
OA nanoparticles. Regardless of the temperature rises, both the
reference Fe3O4-OA and Fe3O4/SiO2-NH2 magnetic nano-
particles exhibited quite minimal proton capturing activities
(Figure 9a), which was attributed to the least availability of
protons in the dispersion medium at pH 6. However, the
proton capturing activities for both particles were significantly
increased with increasing temperatures at pH 4. The proton
capture efficiency for Fe3O4/SiO2-NH2 nanoparticles was
almost double than that of reference Fe3O4-OA nanoparticles
at each considered temperature (Figure 9b). This increasing
tendency is due to the effective capturing of protons by amine,
carboxylate, and hydroxyl groups present on the active surface
of Fe3O4/SiO2-NH2 nanoparticles. This clear distinction in
capturing protons is plausibly due to the greater basicity of the
-NH2 groups present on the surface of Fe3O4/SiO2-NH2
nanoparticles than that of reference Fe3O4-OA material,
which only has carboxylate and -OH groups. It is obvious

Figure 8. pH-dependent zeta potentials of Fe3O4-OA (a) and Fe3O4/SiO2-NH2 (b) at 25 and 40 °C.

Figure 9. pH- and temperature-dependent capturing of protons onto the active surface of magnetic Fe3O4/SiO2-NH2 and reference-Fe3O4-OA
nanoparticles: at pH 6 (a) and pH 4 (b) measured by a simple pH meter in distilled deionized water.
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that at pH 4, more protons are available than at pH 6. At
higher temperature the individual particles’ vibrational motions
have been increased, resulting in enhanced kinetic energy as
well as higher entropy and more breakdown of entanglements
and hydrogen bonding among active functional moieties with
solvent present on the surface of each particles. Therefore, the
enhanced density of active functional groups, namely hydroxyl,
carboxylate, and amine, actively participated for effective
capturing of protons.78 The proton capturing activity reached
a saturation point (0.997 mmol g−1) for Fe3O4/SiO2-NH2
magnetic nanoparticles just after 35 min of incubation under
40 °C.
3.7. Adsorption of Aqueous CO2 Gas by Magnetic

Adsorbent Nanoparticles. The CO2 adsorption efficiencies
of Fe3O4/SiO2-NH2 and reference Fe3O4-OA magnetic
particles at different temperatures, namely 25 °C, 30 °C, 35
°C, and 40 °C, are shown in Figure 10, and pH changes due to

the adsorption of CO2 are depicted in Figure S4. The bar chart
(Figure 10) clearly indicates that Fe3O4/SiO2-NH2 magnetic
nanoparticles consistently outperformed Fe3O4-OA magnetic
nanoparticles at all temperatures. The adsorption amount of
CO2 by Fe3O4/SiO2-NH2 magnetic particles was minimum
(0.799 mmol g−1) at 25 °C, whereas at 40 °C, it was increased
considerably to 0.921 mmol g−1. On the contrary, reference
Fe3O4-OA magnetic nanoparticles captured only 0.339 mmol
g−1 of CO2 at 25 °C, which increased slightly to 0.443 mmol
g−1 at 40 °C. The larger amount of CO2 capture by amine-
functionalized magnetic nanoparticles is associated with the
densely packed hydroxy groups and higher proton affinity
toward the more basic amine groups79,80 than those of the less
basic hydroxyl and carboxy groups on Fe3O4-OA particles. In
addition, the adsorption efficiency (%) of Fe3O4/SiO2-NH2
magnetic nanoparticles was also higher than that of the
reference magnetic nanoparticles. Each measurement is done
in triplicate under identical conditions, and averaged values are
reported with standard error bars.

3.8. Plausible Mechanism for Aqueous CO2 Gas
Adsorption. The adsorption of CO2 gas by synthesized
Fe3O4/SiO2-NH2 and Fe3O4-OA nanoparticles involved a
complex interplay of various forces and interactions, which is
schematically depicted in Figure 11 and Figure S5, respectively.

First, due to the acidic nature of CO2 gas, the passage of CO2
gas molecules in H2O produced H2CO3, which subsequently
dissociated into H+ and HCO3

− ions. Second, the primary
amine groups became positively charged (NH3

+) by accepting
such H+ from the aqueous medium and electrostatic attraction
and hydrogen bonding contributed to the adsorption of
aqueous CO2. For example, the positively charged -NH3

+ ions
on the Fe3O4/SiO2-NH2 magnetic particles interacted strongly
with negatively charged HCO3

− ions through electrostatic
attraction forces, which is augmented the bicarbonate ions
adsorption process. In addition, hydrogen bonding also played
a crucial role for enhanced adsorption of aqueous CO2. For
instance, HCO3

− ions contain polar bonds between oxygen
and carbon, which can form hydrogen bonds with polar
hydrogen-containing groups on the particle surfaces, like -NH2,
-COOH, or -OH. These bondings have stabilized the HCO3

−

ions on the surface of the magnetic nanoparticles. These
interaction mechanisms work together to enhance the
adsorption of CO2, which is making these particles a promising
candidate for carbon adsorption and storage applications in
combating climate change and reducing greenhouse gas
emissions.

An overview of the previous research on the adsorption of
CO2 by various adsorbent materials is shown in Table 1.
Notably, our designed amine functional SiO2 coated magnetic
nanoparticles exhibited remarkable performance, demonstrat-
ing a significantly higher amount of CO2 uptake compared to
other magnetic particles. Furthermore, our nanoparticles
showed an impressive adsorption percentage compared to
the reported efficacy for CO2 capturing. This exceptional
performance is particularly noteworthy and due to the
consideration of water as a CO2 adsorption medium, which
is also a sustainable and readily available green solvent. These
findings demonstrated the potential of our designed magnetic
particles as a promising candidate for CO2 capturing and

Figure 10. Amount of adsorption of CO2 at different temperatures by
reference-Fe3O4-OA and magnetic Fe3O4/SiO2-NH2 nanoparticles
(conditions: stirring rate 100 rpm, dosage 0.01 g, time 6 h, and 100
mL water).

Figure 11. Plausible mechanism for aqueous CO2 adsorption by
magnetic Fe3O4/SiO2-NH2 nanoparticles.
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mitigation, surpassing the performance benchmarks set by
previously studied adsorbents. Furthermore, use of recyclable
and readily separable magnetic particles would help prevent
mass loss and pressure drop as caused by nonmagnetic
adsorbents in industrial packed columns.
3.9. Efficiency for CO2 Adsorption of the Magnetically

Recovered and Recycled Fe3O4/SiO2-NH2 Nanoparticles.
Regeneration and reusability of adsorbent materials is
paramount in a recyclable and easily accessible CO2 adsorption
process. Carbon capture processes in industrial settings often
require such materials that can endure repetitive adsorption
and regeneration steps. Figure 12 shows the adsorption efficacy
of the recycled adsorbent particles. The adsorption efficiency
for Fe3O4/SiO2-NH2 magnetic nanoparticles was 92.9%.
However, this efficiency was slightly decreased with increasing
number of cycles, as the active sites of adsorbent might be
affected by the multiple treatments of magnetic fields as well as
alkali treatments. Fe3O4/SiO2-NH2 magnetic nanoparticles
almost retained their adsorption potentials, with only a 16.9%
loss up to the fifth cycle. This observation is highly

Table 1. A Brief Overview of the Previous Research on the Adsorption of CO2 by Different Adsorbent Materials

Researcher Adsorbent Material
Uptake CO2
(mmol g−1)

Absorption
capacity (%) Solvent type T (K) Refs

Muhyminul et al. Fe2O3-OA (0.01g) 0.44 47.52 Water 313 This
workFe3O4/SiO2-NH2 (0.01g) 0.92 90.00

Elhambakhsh et al. (2021) Fe2O3 (0.025 wt %) 0.89 9.14 NMP / 81

Fe2O3-glutamine (0.5 wt %) 1.01 19.41
Elhambakhsh and Keshavarz
(2021)

Fe3O4 / 2.91 Sulfinol 308 37

Fe3O4-proline 4.79
Fe3O4-lysine 6.3
Fe3O4@SiO2-NH2 (0.02 wt %) 13.36

Zandavi et al. (2021) Fe3O4 (0.03 wt %) / 14 Low salinity
water

333 82

Fe3O4-PVA (0.11 wt %) 20.2
Fe3O4-PAM (0.11 wt %) 23.3

Elhambakhsh et al. (2020) Fe3O4 (0.1 wt %) / 5.48 MDEA 308 71

Fe3O4-proline (0.1 wt %) 6.78
Fe3O4-lysine (0.1 wt %) 12.39
Fe3O4@SiO2-NH2 (0.1 wt %) 16.38

A. Hafizi et al. (2020) DETA@ECH@Fe3O4 (0.5 wt %) / 77.3 Water 293.15 38

Elhambakhsh et al. (2020) Fe3O4 (0.1 wt %) / 18 Water 308 83

Fe3O4-proline (0.1 wt %) 24.18
Fe3O4-lysine (0.1 wt %) 27.14
Fe3O4@SiO2-NH2 (0.1 wt %) 31.18

Elhambakhsh et al. (2020) Fe3O4 (0.125 wt %) / 18.12 Water / 36

Fe3O4-AP (0.125 wt %) 39.61
Fe3O4-lysine (0.125 wt %) 55.20
Fe3O4@SiO2-AP (0.125 wt %) 78.00
Fe3O4@SiO2-lysine (0.125 wt %) 88.00

Arshadi et al. (2019) Fe3O4@SiO2-NH2 (0.4 wt %) / 70 Water 298 24

Aghehrochaboki et al. (2019) GO (0.1 wt %) / 9.1 MDEA / 84

GO (0.2 wt %) 10.14
PEI-GO (0.1 wt %) 15

Haghtalab et al. (2015) SiO2 (0.1 wt %) / 7 Water 278 85,32

Wei et al. (2020) Dimethylaminopropylamine Ethyl 2,4-
dichlorooxyaceta

2.440 / / 303 86

Azmi et.al. (2020) APTMS-MCN 0.010 / / 298 87

Rahimi et al. (2019) 10 wt % MDEA + 5 wt % MEA-0.05 wt %
nMWCNTs

0.738 / MDEA 303 88

Rahmatmand et al. (2016) Carbon nanotube (0.02 wt %) 34 MDEA 308 35

Fe3O4 (0.02 wt %) 24
N. H. Khdary et.al (2017) PVDF-HFP-AFS 40 wt % SiO2 0.767 / / / 89

S. Loganathan et al. (2016) APTES MCM-41 0.00404 / / 298 90

Figure 12. Adsorption efficiencies of magnetically recycled-Fe3O4@
SiO2-NH2 nanoparticles for aqueous CO2.
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encouraging and underscores the robustness and longevity of
these nanoparticles as an effective adsorbent for CO2. The
reusability of these nanoparticles not only reduces the
environmental footprint of carbon adsorption processes but
also offers economic advantages by lowering the need for
frequent replacement of adsorbent materials.

4. CONCLUSIONS
Amine-functional silica coated magnetic Fe3O4/SiO2-NH2
nanoparticles were successfully synthesized and characterized
using various analytical techniques, such as FTIR, TGA, TEM,
HRTEM, VSM, XRD, zeta potential, and DLS measurements.
The obtained data ensured the formation and surface
modification of magnetic nanoparticles with aminated silica
moieties with desired properties for targeted applications like
an efficient adsorbent for aqueous CO2 gas adsorption. Before
CO2 adsorption, the particles were investigated as an adsorbent
for adsorbing protons from aqueous medium at pH 4 and 6.
The nanoadsorbent particles showed good proton capturing
efficiencies, and they must have promising capabilities for CO2
capture due to the presence of basic amino groups. At 40 °C,
they demonstrated remarkable efficiency by capturing up to
92.9% of CO2 from water, with a minimal adsorbent dosage of
0.01 g. Notably, these findings were obtained in a simple
single-plant setup; in our future report we may highlight the
potential for further enhancement in a multiplant setup, which
would help to achieve almost 100% adsorption of aqueous
CO2. This research warrants exploration in future investigation
endeavors regarding the purification and management of acidic
wastewater for both industrial and portable device design. The
obtained results collectively demonstrated a promising,
greener, and economically viable procedure for CO2
adsorption and wastewater treatments. Furthermore, it stands
out as an environmentally friendly approach, as it generates
nontoxic byproducts, such as solid NaHCO3 formed from the
gaseous effluent, and it did not necessitate any expensive
chemicals, specially designed devices, or solvents. The
designed material and developed process is cost-effective,
atmospheric, and ecofriendly in nature, making it a
commendable choice for aqueous CO2 adsorption.
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