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ABSTRACT: Development of several emerging nanocomposites based on the
immobilization of various amines over high-surface-area flowery silica nanoma-
terials achieved via a light-driven hydrolysis approach has been demonstrated for
CO2 capture under standard temperature and pressure conditions. We have
studied CO2 adsorption kinetics and adsorption isotherms for these novel
functionalized nanocomposites during the adsorption process. CO2 adsorption
capacity of these adsorbents has been estimated, and the time-dependent CO2
adsorption has been studied to evaluate the adsorption rate. We have also
investigated the CO2 sorption performances of these nanocomposites by varying
the anchored amines as well as their level of loading. The adsorption
performance and stability of these adsorbents have been investigated over
numerous adsorption−desorption cycles to ascribe their reusability as well as
applicability compared to other reported adsorbents. A detailed kinetic study
illustrates that the adsorption process follows Avrami’s fractional order kinetic model, corroborating to the multiple reaction
pathways involved in the adsorption process.

1. INTRODUCTION
The anthropogenic carbon dioxide (CO2) is one of the major
greenhouse gases and considered to be main contributor to
several environmental concerns, including global warming,
climate change, disruption of ecosystems, etc.1−3 Thus, it is
crucial to execute carbon capture and storage/sequestration as
significant and effective options to reduce CO2 emissions.4−6

The most used processes are membrane purification, cryogenic
distillation, and adsorption through liquid as well as solid
sorbents to capture CO2.

7−10 The liquid amine-based sorbents,
such as monoethanolamine (MEA) and diethanolamine
(DEA), are being utilized for CO2 fixation chemically in the
industrial field.11,12 Recently, benzylamine (BZA) aqueous
solution is identified as a promising solvent for post-
combustion CO2 uptake.13 However, they are very difficult
to utilize because of the necessity of large amount of solvents,
high energy requirement for regeneration of these liquid
amines, corrosion together with loss of amines due to
evaporation or decomposition in power plants, and also energy
necessity for desorption of CO2.

14,15 To overcome these
limitations, stable and recyclable solid adsorbents with
moderate CO2 capture capability have been developed that
are noncorrosive and can lower the energy consumption
during post-combustion CO2 uptake.

16−19

Up to now, several solid adsorbents have been extensively
explored for post-combustion CO2 adsorption in the
previously reported literature, ranging from porous polymers
to metal−organic frameworks, covalent organic frameworks,
aerogels, resins, activated carbon, porous silica, sepiolite and

halloysite clay minerals, alkali hydroxides, zeolites, and metal
oxides.20−30 Although each set of adsorbents provides specific
advantages, it possesses several disadvantages, e.g., the sorption
capacity demonstrated by several reported materials was
reduced in the presence of moisture and higher adsorption
temperature and sometimes due to lack of stability.
Interestingly, the utilization of amine-based solid adsorbents
involves several advantages compared to the aqueous amines
because of their larger CO2 adsorption capacity, less energy
requirement for regeneration, higher resistance for contami-
nants, and higher stability. Generally, such amine-based solid
materials have been synthesized via two different ap-
proaches:31−34 the physical process, which involves impregna-
tion of aminosilanes over the surface of porous materials, and
the chemical process through the polymerization of amine
monomers within the pores of the materials or chemical
grafting of amines onto the porous material surface. Physical
impregnation represents a simple approach involving wet
impregnation of an amine−organic solvent mixture in the
porous materials and subsequently evaporation of that organic
solvent after the end of the process, representing a facile
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approach for functionalization of amines over a solid support.
Early studies demonstrate the fabrication of several porous
solid supports with different anchored amines.35−37 The
performance of CO2 sorption entirely depends on the nature
of porous solid supports, amine types, and their composition as
well as preparation conditions. Hence, the pivotal criterion in
designing a proficient adsorbent is the accessibility of adequate
adsorption sites for CO2 uptake to reduce the effective
operational cost. Preparation of distinctive nanocomposites
through the amine immobilization on solid silica supports will
be a possible strategy for designing novel adsorbents for CO2
capture owing to their high surface area and excellent stability.
Here, we report the fabrication of several emerging

nanocomposites based on the immobilization of various
amines over the surface of silica nanoflowers to be used as a
solid adsorbent for CO2 capture. After characterization of these
nanocomposites by means of several physical techniques, CO2
adsorption kinetics has been carried out under standard
temperature and pressure conditions. We have then studied
CO2 adsorption isotherms for all of the adsorbents during the
adsorption process at standard temperature. The recyclability
along with stability of the adsorbents has been explored by
their repetitive usage. We have also investigated the CO2
sorption performances by varying the anchored amines as well
as the level of loading of those amines.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals were used as received.
Tetraethyl orthosilicate (TEOS), tetraethylenepentamine
(TEPA), tris(2-aminoethyl)amine (TAEA), and polyethyleni-
mine (PEI) were procured from Sigma-Aldrich. Methyl phenyl
ether and octanol were procured from Spectrochem, India.
Urea and cetyltrimethyl ammonium bromide (CTAB) were
purchased from Sisco Research Laboratory (SRL), India.
2.2. Synthesis of Mesoporous Silica Nanoflowers.

Mesoporous silica nanoflowers were synthesized as per our

previously reported light-assisted route.16 First, 0.5 mL of
TEOS was taken in the mixture of octanol (0.25 mL) and
methyl phenyl ether (5.0 mL) in a vial fitted with a cap. Then,
2.5 mmol of urea and 0.7 mmol of CTAB were dissolved in 5
mL of water and transferred to the vial. The vial containing all
of the reaction mixture was stirred properly and then placed
under visible light for 15 h. The temperature of the reaction
mixture was maintained at 90 °C. The product was collected
by simple filtration after washing with Millipore water and
dried in air, followed by calcination for 5 h in air at 575 °C.
The obtained product was a flowery silica nanomaterial and
abbreviated as SNF.

2.3. Functionalization of Silica Nanoflowers for CO2

Adsorption. Functionalization of SNF using different amines
was performed under a nitrogen atmosphere based on the wet
impregnation method. First, 0.15 g of tetraethylenepentamine
(TEPA) was dissolved in 6 mL of methanol in a glass vial by
sonication. Then, the mixture was transferred into a 50 mL
round-bottom flask holding 0.3 g of SNF. The three-necked
flask was fitted with a rubber septum and thermocouple
adapter. After that, the reaction mixture was evacuated for
about 20 min under stirring conditions and subsequently filled
by nitrogen gas. The resultant mixture was stirred for 3 h at
room temperature under a nitrogen atmosphere and then dried
at 60 °C under vacuum conditions. The prepared adsorbent is
denoted SNFTEPA. Based on the quantity of amine used (wt
%), we have abbreviated them as SNFTEPA‑30 and SNFTEPA‑15.
In a similar fashion, we have functionalized SNF with tris(2-
aminoethyl)amine (TAEA) and polyethylenimine (PEI) to
achieve SNFTAEA‑30, SNFTAEA‑15, SNFPEI‑30, and SNFPEI‑15,
respectively. All of the adsorbents obtained via functionaliza-
tion of various amines with SNF were utilized as solid
adsorbents for CO2 uptake. The schematic presentation of the
functionalization of various amines with silica nanoflowers is
illustrated in Figure 1.

Figure 1. Schematic presentation of the functionalization of silica nanoflowers with different amines through the wet impregnation method to make
several solid adsorbents for CO2 uptake.
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2.4. CO2 Adsorption Study. CO2 uptake capacity of these
adsorbents was determined by a volumetric method with the
help of a 3-flex Micromeritics analyzer between 0 and 1
atmospheric pressure of pure CO2 at 25 °C. First, 0.08 g of
adsorbent was taken in a sample holder and outgassed for 2 h
in a vacuum at 100 °C to eliminate the pre-adsorbed CO2 over
the surfaces if any. The adsorption experiment was then
performed using pure CO2 at 25 °C. The adsorbents were
regenerated by heating at 100 °C under nitrogen flow. After
that, their multicycle adsorption−desorption efficacy was also
demonstrated. To study the adsorption kinetics, all of the
samples were pretreated in thermogravimetric analysis (TGA)
at 100 °C under nitrogen flow with a flow rate of 50 mL min−1

for 2 h. Then, the temperature was reduced to cool down the
sample and kept at 25 °C for 45 min to stabilize the sample
weight. After that, the gas flow was switched to pure CO2 for 1
h with a flow rate 50 mL min−1. The adsorption capacity of
these adsorbents was assessed considering the weight gain
during the CO2 adsorption process.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Silica Nanoflower-Based Nano-
composites. Silica nanoflowers (SNFs) were synthesized
through light-assisted hydrolysis of tetraethyl orthosilicate in a
mixture of methyl phenyl ether and octanol, where urea and
cetyltrimethyl ammonium bromide were taken as a hydrolyzing
agent and a structure-directing agent, respectively. The
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of SNF are shown in

Figure 2. Hierarchical flowerlike morphology was composed of
assemblies of petals oriented outward in three dimensions
having a diameter of ∼390 nm. For the synthesis of several
nanocomposites (NCs), we have impregnated different amines
in SNFs, including tetraethylenepentamine (TEPA), tris(2-
aminoethyl)amine (TAEA), and polyethylenimine (PEI), over
mesoporous SNF, as illustrated in Figure 1. After functional-
ization of SNF with amines, there is no change in their size or
morphology. Figure S1 represents representative field emission
SEM (FESEM) and TEM images of SNFs after functionaliza-
tion with TEPA. Because of the large pore size, precise pore
structure, and high surface area of SNFs, they allow high
loading of a variety of amine molecules, resulting in the
formation of stable and efficient nanocomposites to be
explored as adsorbents for CO2 capture.
Nitrogen physisorption study at 77 K was performed to

determine the specific surface area using a 3-flex Micromeritics
analyzer. The specific surface areas of SNF before and after
amine impregnation were estimated by the Brunauer−
Emmett−Teller (BET) method. The nitrogen adsorption−
desorption study demonstrated characteristics of the type-IV
isotherms,38,39 indicating the formation of mesoporous silica
nanoflowers having a specific surface area of 701 m2 g−1. The
average pore diameter (Å) of ∼3.4 nm obtained from BJH
adsorption data further confirmed the mesoporous nature of
the silica, as shown in Figure S2. After the impregnation of
different amines, nitrogen adsorption−desorption isotherms of
silica NCs were similar to that of pristine SNF, and a reduction
of specific surface area was observed (Figure 3). The BET
surface area and pore volume of all of the nanocomposites are

Figure 2. (A, B) FESEM and (C, D) TEM micrographs of silica nanoflowers (SNF) at different magnifications, demonstrating their flowerlike
morphology.
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summarized in Table 1. Such reduction in surface area is owing
to the pore clogging as a result of the loading of different
amines over the SNF surfaces as well as their increased weight
percentage. This is consistent with the post-synthesis
functionalization of mesoporous materials.40,41

The different amine loadings in silica NCs were assessed by
thermogravimetric analysis (TGA) from the weight loss. The

initial weight loss occurred between 50 and 120 °C was
because of the desorption of physisorbed water from the
surface. In the case of pristine SNF, the weight loss above 120
°C was accredited to the dehydroxylation of the surface
hydroxyl groups (Figure S3). In amine-loaded SNF, above 120
°C, the weight loss was estimated to assess the amount of
amine loaded in the nanoflowers (Figure S4). The estimated
amount of amine loading into the sorbents is presented in
Table 1. The amine loading in different NCs was varied from
15 to 30 wt % for three different physisorbed amines. FTIR
analysis exhibited the signature of different amines present in
the silica NCs (Figure 4). After the impregnation of amines,
two new peaks at 1559 cm−1 for the N−H deformation and
2940 cm−1 for the stretching vibration of C−H were
noticed,42,43 in addition to the distinctive peaks arising for
symmetric and asymmetric stretching vibrations of Si−O−Si of
the siloxane bond at 793 and 1090 cm−1, respectively.44,45 It is
worth noting that although different amines were loaded in the
SNF, we could not observe any modification of the
morphology or size of the nanoflowers. Finally, CHN
elemental analysis has been carried out to measure the loaded

Figure 3. Nitrogen adsorption−desorption isotherms of different nanocomposites obtained through varied amine loadings in SNF: (left) 30 wt %
and (right) 15 wt % mentioned amines.

Table 1. Amine Loading and Corresponding Specific
Surface Area and Pore Volume of the Nanocomposites
Synthesized upon Immobilization of Different Amounts of
Amine in the SNF

adsorbents
amine loading estimated

by TGA (wt %)
BET surface area

(m 2 g−1)
pore volume
(cm3 g−1)

SNFTEPA‑30 33.6 95 0.26
SNFTAEA‑30 34.3 107 0.34
SNFPEI‑30 34.1 84 0.29
SNFTEPA‑15 19.4 124 0.38
SNFTAEA‑15 18.8 173 0.36
SNFPEI‑15 18.9 104 0.32
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amines in terms of nitrogen in SNF. Table 2 demonstrates the
amount of nitrogen present in the nanocomposites obtained
due to different amounts of amine loading in the nanoflowers.
3.2. CO2 Adsorption by Silica Nanoflower-Based

Adsorbents. High specific surface area and mesoporosity of
SNF facilitate us to immobilize different amines through the
wet impregnation procedure. After impregnation of the amines
in SNF, all of the synthesized nanocomposites possess high
amine density and good thermal stability and finally were
explored as solid adsorbents for CO2 uptake. We have then
investigated the impact of CO2 sorption performances of these
nanocomposites by varying the anchored amines as well as
their level of loading. For this purpose, we have chosen TEPA,
TAEA, and PEI as they possess high thermal stability and low
volatility and provide high accessible amine sites for CO2
adsorption. TEPA contains both primary and secondary amine
groups and TAEA has primary and tertiary amine groups,
whereas PEI consists of primary, secondary, and tertiary amine
groups as well. To evaluate CO2 uptake capacity, the
adsorption experiment was performed using a volumetric gas
adsorption instrument at 25 °C at 0−1 atmospheric pressure.
A schematic presentation of the experimental setup (Figure
S5) for CO2 adsorption has been depicted in the Supporting
Information section. Figure 5 illustrates CO2 adsorption
isotherms obtained for all of these synthesized adsorbents. In
the present study, we have investigated CO2 sorption
performances of these adsorbents, loaded with varying levels
of anchored amines. Here, we have checked the CO2
adsorption capacity of 15 and 30 wt % individual TEPA-,
TAEA-, and PEI amine-loaded adsorbents. Figure 5A
represents the CO2 adsorption isotherms of 15 wt % amine-
loaded adsorbents. The TEPA-impregnated adsorbent showed
maximum CO2 uptake capacity. We observed that SNFTEPA‑15
(1.33 mmol g−1) possessed higher CO2 uptake capacity than
SNFTAEA‑15 (1.19 mmol g−1) and SNFPEI‑15 (0.98 mmol g−1);
thus, CO2 uptake capacity followed the order SNFTEPA‑15 >
SNFTAEA‑15 > SNFPEI‑15. The amine groups present in the

adsorbents participated in the chemisorption of CO2, whereas
in the case of pristine SNF, CO2 adsorption proceeded via the
physisorption process (Figure S6). It is important to note that
primary amines have higher affinity to CO2 compared to
secondary amines; similarly, secondary amines possess higher
CO2 adsorption efficacy compared to tertiary amines.46,47

TEPA consists of higher concentration of primary and
secondary amine moieties compared to TAEA and PEI, as
the latter two amines contain some tertiary amine groups in
addition to the primary and/or secondary amine groups.
Interestingly, tertiary amine sites are almost unreactive toward
CO2 in anhydrous conditions. The higher CO2 adsorption
capacity of TEPA also indicates lower viscous force and
molecular mass of TEPA, resulting in higher mobility of amine
moieties over silica surfaces that facilitate better interaction
with CO2. On the other hand, PEI and TAEA possess lower
CO2 adsorption capacity due to their higher viscosities, which
cause higher CO2 diffusion resistance.
After increasing the amine loading to 30 wt % in SNF, we

have determined their CO2 capture capacity keeping all of the
experimental conditions unaltered. CO2 sorption isotherms of
30 wt % amine-loaded adsorbents are shown in Figure 5B.
Likewise, SNFTEPA‑30 (2.12 mmol g−1) demonstrated higher
CO2 sorption capacity in comparison to SNFTAEA‑30 (1.71
mmol g−1) or SNFPEI‑30 (1.27 mmol g−1). Hence, CO2 uptake
ability followed the identical order as demonstrated above:
SNFTEPA‑30 > SNFTAEA‑30 > SNFPEI‑30. Basically, CO2
adsorption capacity increases with increasing percentage of
amine loading in the adsorbents, resulting in increasing amine
density over the adsorbent surface that holds greater
interaction with CO2 molecules. However, it was found that
CO2 sorption capacity of the adsorbents remained almost the
same if the amine loading was further increased to 50%,
indicating that immobilization of excessive amine beyond 30%
directed to the poor dispersion of amine into the porous silica
(Figure S7). In Table 2, we have summarized their specific
surface area, adsorption capacity, and corresponding CO2
uptake efficiency.
With the aim to investigate the reaction kinetics of CO2

adsorption, time-dependent CO2 adsorption experiments were
performed using a TGA analyzer at 25 °C. Figure 6A−C
illustrates the time-dependent CO2 adsorption by our
synthesized amine-impregnated silica adsorbents, consisting
of varying amounts of loaded amines. It is clearly evident that
the adsorption process was very fast as maximum CO2 uptake
was observed within 5 min of the adsorption process under the
flow of pure CO2 gas. After 20 min of the adsorption process,
all of the adsorbents got saturated and reached equilibrium that
was demonstrated by the flattening of the adsorption curve.
The fast sorption kinetics is possibly due to the availability of
active adsorption sites present in the adsorbent at the

Figure 4. FTIR spectra of (a) SNFTEPA‑30, (b) SNFPEI‑30, and (c)
SNFTAEA‑30.

Table 2. Summary of CO2 Uptake Capacity, Amine Efficacy, and Specific Surface Area of Different Amine-Loaded Adsorbents

adsorbents

BET surface
area

(m 2 g−1)

nitrogen content
(mmol g−1) by CHN

analysis

CO2 capture
capacity
(cm3 g−1) CO2 capture capacity (mmol g−1) amine efficiency (mmol gCO2

−1/mmol gN
−1)

SNFTEPA‑30 95 7.58 47.48 2.12 0.28
SNFTAEA‑30 107 7.42 38.30 1.71 0.23
SNFPEI‑30 84 7.54 28.44 1.27 0.17
SNFTEPA‑15 124 4.41 29.79 1.33 0.30
SNFTAEA‑15 173 4.35 26.65 1.19 0.27
SNFPEI‑15 104 4.60 21.95 0.98 0.21
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beginning of the adsorption process, which in turn facilitate the
adsorbent−adsorbate interaction. As the time progresses, the
accessibility of the adsorption sites gradually reduces along
with an increase in diffusion resistance, resulting in a slower
CO2 adsorption rate. The overall CO2 adsorption capacity of
these adsorbents is presented in Figure 6D. Additionally, their
CO2 capture performance was compared with the reported
amine-based solid adsorbents and is presented in Table S1.
Adsorption kinetics, which directs the rate of adsorption as

well as equilibrium time during the uptake of an adsorbate,
represents one of the decisive features to understand the
practical application of an adsorbent. Keeping this important
feature in mind, the CO2 adsorption kinetics was studied based
on the pseudo-first-order48 and pseudo-second-order49 kinetic
models, together with Avrami’s fractional order models50 to get
more details of the interactions between CO2 and amine
groups present in those solid adsorbents. The expression of
pseudo-first-order, pseudo-second-order, and Avrami’s frac-
tional order kinetic models can be stated as follows

− − = − −Q Q Qpseudo first order equ : et e e
k tn 1

− − =
+

Q
k Q t

k Q t
pseudo second order equ :

1t
e

e

n 2
2

2

= − −Q Q QAvrami’s fractional equ : et e e
k tn ( )n

A
A

where Qt and Qe are the adsorption capacities (mmol g−1) of
the adsorbent at a given time t and at equilibrium time. k1 is
the pseudo-first-order reaction rate constant (min−1), k2 is the
rate constant for the pseudo-second-order reaction (g
mg−1min−1). kA is Avrami’s fractional order rate constant
(min−1), and nA is Avrami’s fractional adsorption order,
correlated to the adsorption mechanism taking place during
the adsorption process. To interpret the kinetics data, we have
then fitted our experimental data for CO2 sorption over the
surface of these adsorbents considering the aforesaid kinetic
models, as shown in Figure 7. All of the kinetics parameters

Figure 5. CO2 adsorption behavior of different adsorbents: (A) SNFTEPA‑15, SNFTAEA‑15, and SNFPEI‑15 and (B) SNFTEPA‑30, SNFTAEA‑30, and
SNFPEI‑30.

Figure 6. Time-dependent CO2 sorption using (A) SNFTEPA‑30, (B) SNFTAEA‑30, and (C) SNFPEI‑30 at 25 °C and the plot of the corresponding CO2
uptake rate. (D) Overall CO2 adsorption capacity of SNFTEPA‑30, SNFTAEA‑30, and SNFPEI‑30 at 25 °C.
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obtained from the pseudo-first-order model, pseudo-second-
order model, and Avrami’s fractional model are summarized in
Table 3. We found that both pseudo-first-order and pseudo-
second-order models overestimated the uptake of CO2 at the
initial stage of adsorption and underestimated during the
adsorption stage approaching the equilibrium. On the other
hand, Avrami’s fractional order kinetic model is more specific
to describe the kinetics of CO2 uptake with a higher correlation

coefficient (R2) compared to the pseudo-first-order or pseudo-
second-order model, further signifying the suitability of
Avrami’s fractional model over the entire CO2 adsorption
process. Moreover, the adsorption capacity calculated (Qcal) on
the basis of Avrami’s fractional model is much closer to the
experimental result (Qe,exp). Hence, it clearly ascertained that
CO2 adsorption kinetics followed Avrami’s fractional order
kinetic model more precisely for all of the adsorbents

Figure 7. CO2 adsorption kinetics data were fitted with the pseudo-first-order, pseudo-second-order, and Avrami’s fractional order kinetic models:
(A) SNFTEPA‑30, (B) SNFTEPA‑15, (C) SNFTAEA‑30, (D) SNFTAEA‑15, (E) SNFPEI‑30, and (F) SNFPEI‑15.

Table 3. Summary of the Parameters of Pseudo-First-Order, Pseudo-Second-Order, and Avrami’s Fractional Order Kinetic
Modelsa

pseudo-first-order model pseudo-second-order model Avrami’s fractional model

adsorbent Qe,exp Qcal k1 R2 Qcal k2 R2 Qcal nA kA R2

SNFTEPA‑30 2.12 2.0 1.13 0.84 2.08 0.81 0.93 2.15 0.31 1.54 0.99
SNFTEPA‑15 1.33 1.27 0.63 0.89 1.32 0.89 0.96 1.35 0.37 0.83 0.99
SNFTAEA‑30 1.71 1.56 0.98 0.80 1.64 0.82 0.92 1.72 0.30 1.01 0.99
SNFTAEA‑15 1.19 1.08 0.71 0.78 1.15 0.87 0.91 1.21 0.34 0.66 0.99
SNFPEI‑30 1.27 1.14 0.83 0.81 1.21 0.99 0.91 1.29 0.31 0.81 0.99
SNFPEI‑15 0.98 0.89 0.68 0.78 0.94 1.02 0.92 0.99 0.34 0.62 0.99

aQe,exp = (mmol g−1); Qcal = (mmol g−1); k1 = (min−1); k2 =(g mmol−1 min−1); kA= (min−1).

https://pubs.acs.org/doi/10.1021/acs.iecr.0c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04531?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04531?ref=pdf


compared to the pseudo-first-order or pseudo-second-order
kinetic model (Figure S8). Basically, the pseudo-first-order
model represents the reversible adsorption between the CO2
gas and solid adsorbent during the adsorption process at
equilibrium, whereas the pseudo-second-order model assumes
that the chemisorption is the rate-controlling step due to the
strong binding of CO2 molecules with the adsorbent.51,52

Therefore, the adsorption process was neither governed by
simple physisorption nor by simple chemisorption; it was
basically controlled by multiple reaction pathways.
Adsorption of CO2 by these adsorbents is attributed to an

acid−base reaction.53,54 In the case of amine-immobilized
adsorbents, CO2 adsorption mostly proceeds via the
chemisorption process, where the lone pair of nitrogen present
in amines reacts with the CO2 molecule and forms zwitterions.
Then, alkylammonium carbamate species were formed via
deprotonation of the zwitterions using another amine under
dry conditions.55,56 Even though CO2 adsorption by the
adsorbents is governed by chemisorption, the flowerlike
morphology of SNF may also contribute to the sorption
procedure through physisorption of CO2. At the end of the
adsorption study, we have investigated their multicycle CO2
adsorption performance. The multicycle adsorption−desorp-
tion experiments were carried out up to 10 cycles, and the
regeneration of the adsorbents was performed by heating the
adsorbents at 100 °C under the flow of nitrogen. Figure S9
illustrates the multicycle CO2 adsorption efficacy of these
adsorbents. Interestingly, an insignificant change in their
uptake capacity was noticed, further ascribing to the
sustainability and stability of these silica nanoflower-based
adsorbents. Hence, all of these adsorbents possess fast sorption
kinetics together with enhanced adsorption capacity owing to
their adequate adsorption sites and unique flowery morphol-
ogy.

4. CONCLUSIONS

In summary, we have synthesized several emerging nano-
composites with different anchored amines consisting of
primary, secondary, and/or tertiary amine sites over the
surface of silica nanoflowers to be used as an adsorbent for
CO2 capture. The impact of anchored amines together with
the variation of amine loading onto the CO2 adsorption
capacity of impregnated silica sorbents has been investigated. A
detailed study indicated that, among all of the synthesized
adsorbents, the TEPA-immobilized adsorbent has the highest
CO2 uptake capacity. Their CO2 adsorption performance
together with stability has been investigated over multiple
adsorption−desorption cyclic experiments. CO2 adsorption
kinetics carried out for each adsorbent followed Avrami’s
fractional order kinetic model, demonstrating that the
adsorption process was governed neither by simple phys-
isorption nor by simple chemisorption; it was basically
controlled by multiple reaction pathways. Thus, our adsorbents
have several advantages, including high amine loading
capability, more accessible amine-functionalized sites for better
CO2 capture, chemical inertness, and better thermal stability.
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