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Mesoporous silica–amine beads from blast furnace
slag for CO2 capture applications†

Baljeet Singh, *a Marianna Kemell, a Juho Yliniemi b and Timo Repo *a

Steel slag, abundantly available at a low cost and containing over 30 wt% silica, is an attractive precursor

for producing high-surface-area mesoporous silica. By employing a two-stage dissolution-precipitation

method using 1 M HCl and 1 M NaOH, we extracted pure SiO2, CaO, MgO, etc. from blast furnace slag

(BFS). The water-soluble sodium silicate obtained was then used to synthesize mesoporous silica. The

resulting silica had an average surface area of 100 m2 g−1 and a pore size distribution ranging from 4 to

20 nm. The mesoporous silica powder was further formed into beads and post-functionalized with poly-

ethyleneimine (PEI) for cyclic CO2 capture from a mixture containing 15% CO2 in N2 at 75 °C. The silica-

PEI bead was tested over 105 adsorption–desorption cycles, demonstrating an average CO2 capture

capacity of 1 mmol g−1. This work presents a sustainable approach from steel slag to cost-effective meso-

porous silica materials and making CO2 capture more feasible.

Introduction

In the quest for sustainable development, circular economy
principles have gained significant attention in transforming
waste into valuable products.1 This approach addresses the
environmental challenges associated with slag and contributes
to the design of innovative and more eco-friendly products. By
repurposing blast furnace slag (BFS), we can reduce waste,
minimize environmental impact, and create sustainable
materials that support a greener economy.2 BFS to produce
value-added products such as pure silica, CaO, and MgO, etc.
creates closed-loop systems and prevents the accumulation of
large volumes of waste in landfills. Transforming BFS into
porous materials (silica, MOFs, metal oxides, etc.) will reduce
environmental footprints and contribute to economic growth,
fostering a sustainable and resilient future.3 Various porous
functional materials with broad applications can be produced
using waste from the steel industry, highlighting the potential
for innovative and eco-friendly solutions.4–6

In conventional steelmaking, molten pig iron is used to
produce steel in a basic oxygen furnace. During this process,
raw materials such as dolomite, limestone, and other additives
are introduced into the furnace for the production of high-
quality steel.7,8 In 2022, approximately 312 million tons (Mt) of
granulated BFS, 104 Mt of air-cooled BFS, 143 Mt of basic

oxygen furnace slag, and 68 Mt of electric arc furnace slag were
generated worldwide. The gap between slag generated by steel
industries and demand is significant. Storing such a large
quantity of waste is neither sustainable nor environmentally
friendly.9 Long deposition or storage can also lead to environ-
mental issues, particularly due to the highly alkaline leachates
(pH > 11) it produces.10 Currently, BFS is used in road con-
struction, cement production, and structural construction;
however, the demand for other types of slag is very limited.11

Hence, methods to recycle slag have been developed and
explored for various applications, including metal separation,
materials for CO2 mineralization, catalysts, zeolite synthesis,
flue gas desulfurization, etc.12–26 For instance, Kim and col-
leagues successfully extracted 46% Mg and 35% Al using 2M
HCl, while pH control allowed selective separation of 97%
Ca.27,28 BFS was also employed to produce Ca-rich adsorbent
materials for CO2 capture.29–31 Similarly, Tian et al. also uti-
lized slag for CO2 capture, achieving an enhanced capture
capacity of slag-derived adsorbents, exceeding 10 times com-
pared to raw slag, with a maximum uptake of 0.50 g of CO2 g

−1

adsorbent.32 Additionally, Chen et al. produced a series of Cu-
exchanged zeolite NaX catalysts for selective catalytic reduction
of NOx with NH3.

33

Furthermore, Yamashita and co-workers used BFS to
produce a layered double hydroxide (LDH) compound through
a two-step dissolution-precipitation method and employed
LDH as a heterogeneous catalyst for organic transformation.34

To further advancement of BFS application, Kuwahara et al.
exploited BFS to synthesize calcium silicate hydrate for waste-
water treatment.35 In another study, Yamashita and colleagues
synthesized a mesoporous silica-CaO composite for CO2
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capture.36 With BFS containing significant proportions of Ca
(41 wt%), Si (34 wt%), Al (11 wt%), Mg (10 wt%), Ti
(0.35 wt%), etc., which can be separated and utilized for
various applications with growing market demand, it presents
an excellent source of valuable metals.37–39

This study aims to extract Si (in the form of sodium silicate)
from BFS and utilize it to synthesize mesoporous silica and
design silica-supported solid amine beads for CO2 capture. We
designed a 2-stage cyclic dissolution-precipitation method
employing 1 M HCl and 1 M NaOH solutions to separate
metals and silica (Fig. 1). Furthermore, as synthesized meso-
porous silica powder was shaped into beads and post-functio-
nalized by polyethylenimine (PEI) and hexamethylenediamine
(HMDA) for CO2 capture. Overall, this study demonstrates a
close circular economy loop by utilizing steel industrial waste
to capture CO2 emissions of the same industrial outlets.

Experimental section
Materials

The chemicals used in this study were analytic grade.
Hexamethylenediamine (HMDA), polyethylenimine branched
(PEI, MW 25 000), cetyltrimethylammonium bromide (CTAB),
and sodium alginate were purchased from Sigma Aldrich and
used as received.

Characterization

The surface morphology of the samples was studied using a
field emission SEM (Hitachi S-4800). The samples were coated
with carbon using a Cressington 108A Carbon coater.
Elemental analysis and mapping were performed with an
Oxford INCA 350 Energy dispersive X-ray spectrometer con-
nected to the Hitachi S-4800. The EDX spectra were measured
at 20 keV. Bruker ALPHA-T FTIR in transmittance mode was
used to identify chemical species in samples.

Thermogravimetric analysis (TGA) of samples was con-
ducted using the Mettler-Toledo TGA/DSC-3 + thermal analysis
system. The heating rate of 10 °C min−1 in a temperature
range of 25–600 °C was used under the flow of air (50 mL
min−1). The specific surface area and textural properties were

measured by N2 physical adsorption at 77 K using a
Quantachrome analyzer.

For CO2 capture (from 15% CO2 in N2), the Mettler-Toledo
TGA/DSC-3 + thermal analysis system was used. Initially,
samples were activated under the flow of N2 gas (50 mL min−1)
for 15 min. Initially, CO2 flow was 50 mL min−1 (otherwise
mentioned), and desorption was performed at 100 °C for
15 min, under N2 as a sweep gas (flow: 50 mL min−1).

Metals separation. As reported earlier, metals from BFS can
be extracted using HCl and precipitated into oxide/hydroxide
by adjusting pH using aq. solution of NaOH, known as the dis-
solution-precipitation method.40 High-temperature acid dis-
solution/leaching is a highly effective method to separate
metals from silica.41 Acid dissolve metals including Al, Ca, Mg,
etc. as [MClx] chloride complexes and silica remains unsoluble
in 1 M HCl.42 BFS, 20 g was refluxed at 110 °C in 1 M HCl
(250 mL) for 24 h to facilitate dissolution of metals. After 24 h,
the insoluble solid was filtered and stored separately. Metals
were precipitated by adjusting pH in the range from 8 to 14.

Silica dissolution. To further refine the separation, the solid
part (which is mostly nonporous silica) from the acid leaching
step was stirred at room temperature in aq. NaOH solution (1
M). During this stage, silica became sodium silicate and
soluble in water.

Mesoporous silica synthesis. The sodium silicate solution
was separated from the insoluble metal hydroxide and stored
for further use. Sodium silicate was then mixed with the CTAB
(1 g), and the pH was adjusted to 8 to precipitate silica. After
24 h stirring at room temperature, pure silica is separated and
dried.

Spherical silica bead design. Beads were designed using
sodium alginate as a binder. A stock solution of sodium algi-
nate was prepared by dissolving 1 mg mL−1 in water. While
curing solution was prepared by dissolving 188 mg CaCl2 in
30 mL of 0.05 mol L−1 polyacrylic acid aq. 1 g silica powder
mixed properly with 4 ml sodium alginate solution and sus-
pension was dropped in a curing solution. After shaping,
beads were collected, washed with water and ethanol, and
dried under vacuum at RT.

Bead functionalization (amine loading). Stock solutions of
PEI and HMDA were prepared separately by dissolving 1 g each
in ethanol (5 mL) and stored at RT. 200 mg of beads were
soaked in stock solution and kept undisturbed for 24 h. Then
beads were separated from liquid, washed once with ethanol
to remove surface adsorbed imines/amines, and dried under
vacuum at RT for 6 h. Silica-PEI and silica-HMDA beads were
stored separately at RT and used for further measurements.

Kinetics of CO2 capture. Three kinetic models were used to
access the kinetic parameters of bead and powder samples:
Pseudo first order (eqn (1)), Pseudo second order (eqn (2)),
and the Avrami kinetic model (eqn (3)).

Qt ¼ Qe½1� expð�k1tÞ� ð1Þ

Qt ¼ k2Qe
2t=ð1þ k2QetÞ ð2Þ

Fig. 1 Illustration of metals and silica separation from BFS.
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Qt ¼ Qe½1� expð�kAtÞnA� ð3Þ
where Qt, and Qe are the CO2 capture capacity (mmol g−1) at
time t (min) and equilibrium, respectively. k1 is the Pseudo
first order rate constant (min−1), k2 is the Pseudo second order
rate constant (g mmol−1 min−1), and kA is the Avrami rate con-
stant (min−1), and nA is the order of Avrami model.

Results and discussion
Separation of metal and silica

All the experiments were conducted using the same BFS, and
the SEM-EDX elemental analysis revealed that BFS contained
7 wt% Mg, 9 wt% Al, 21 wt% Ca, 1 wt% Ti, and 16 wt% Si
(Fig. 2 and Table S1, entry 1†). SEM-EDX elemental mapping
demonstrated that metals are uniformly distributed through-
out the BFS particles (Fig. S1†), while SEM images indicated
that slag particle size ranged from 3–20 μm (Fig. S2†).
Elemental analysis revealed that the remaining solid mainly
consisted of silica with a small amount of undissolved metal
oxides such as Al and Mg (Fig. 2 and Table S1, entry 2†).

To precipitate metals, the pH of the aqueous phase was
adjusted using 1 M NaOH aq. solution. At pH 8–9, Al and Mg
precipitated first, leaving the remaining aqueous phase con-
taining only Ca (Fig. 2 and Table S1, entry 3†). After separating
a mixture of metal (Al and Mg) hydroxides, the pH of the
remaining aqueous phase was adjusted to 13–14, resulting in
precipitation of Ca (confirmed by SEM-EDX analysis) (Fig. 2
and Table S1, entry 4†).

The remaining solid (mostly containing Si) was refluxed to
improve separation in an aqueous NaOH solution (pH ∼ 14).
The highly basic medium slowly hydrolyses the silica network
(–Si–O–Si–) to produce sodium silicate.43–46 During this step,
metals tend to precipitate out as corresponding hydroxides

[M–(OH)x].
47 Water-soluble sodium silicate was separated from

metal hydroxide by filtration, and the filtrate was then used as
a Si source for mesoporous silica synthesis.

Synthesis of mesoporous silica. Sodium silicate is a well-
known low-cost precursor used for porous silica synthesis.48–50

Aq. sodium silicate was mixed with CTAB, and pH was
adjusted to approximately 8 using 1 M HCl solution.
Elemental analysis revealed that the precipitated silica sample
contained more than 42 wt% Si with 5 wt% Al (Fig. 1 and
Table S2, entry 5†). Mg and Ca were not detected, indicating
that the dissolution-precipitation process effectively separated
metals and produced pure silica. Elemental mapping also con-
firmed the uniform distribution of Al-sites within a silica
network (Fig. S3†).

SEM image analysis revealed that silica particles were
small, with an average size of 300 nm in size and agglomerated
(Fig. 3c, d, and S4†). TGA analysis revealed two stages of
weight loss. The initial weight loss of approximately 10 wt%
(up to 200 °C) could be due to loss of adsorbed gases or moist-
ure in a powder sample. The second stage, involving a weight
loss of around 25 wt% between 200 and 600 °C, is attributed
to the decomposition and combustion of CTAB, which acted
as a structural directing agent in the production of meso-
porous silica (Fig. S5†).51 The silica exhibited a moderate
surface area of (100 m2 g−1) and a wide pore size distribution
ranging from 4–20 nm (Fig. S6 and S7†), exhibiting that silica
is a mesoporous characteristic. PXRD showed that as-syn-
thesised silica is amorphous (Fig. S8†).

CO2 capture using amine-functionalized silica bead. The
design of CO2 capture adsorbent is crucial for upscaling and
implementing CO2 capture technology on an industrial
level.52,53 Silica has served as versatile support for designing
solid amine adsorbents, with many investigations focusing on
powder forms.54–59 However, for practical industrial appli-
cations, low-cost beads or monoliths are preferred over
powder.60,61 In this study, we developed industrial-grade solid
amine adsorbents by shaping mesoporous silica powder into
micrometer-sized beads (3–4 mm) using sodium alginate as a
binder (Fig. S9†).62–64 N2 sorption analysis showed that algi-
nate binder had no significant impact on the specific surface
area (100 m2 g−1) (Fig. S10†) and pore size distribution
(4–20 nm), although the intensity of larger pores was reduced
(Fig. S11†).

Spherical silica beads were post-functionalized with PEI
and HMDA, respectively (Fig. S12†), and CO2 capture capacity
was monitored using TGA. PEI and HMDA functionalized
silica-bead exhibited CO2 capture capacity of 5.7 wt%
(1.29 mmol g−1, N contents 12 wt%) and 4 wt% (0.90 mmol
g−1, N-contents 9.9 wt%), respectively (Fig. 4 and Table S2†).
Preliminary analysis indicated that PEI silica-bead showed
higher CO2 capture capacity despite fewer primary amines
compared to HMDA which could be due to better diffusion,
and accessibility of active sites.

The adsorption of amine and formation of different CO2-
amine chemical species in pellets were confirmed by FTIR.
Before FTIR measurements, pellets are degassed at RT and

Fig. 2 Chemical composition of original BFS and after dissolution-pre-
cipitation of metals and silica.
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saturated with CO2 overnight in a closed chamber. Powder
samples were used to measure FTIR. The presence of PEI and
HMDA in beads was confirmed by adsorption features in the
range of 3000–2500, and 1500–1000 cm−1 (Fig. S13†). After CO2

adsorption, the spectrum indicated the presence of CO2

species in the samples, NH stretching was observed at
3280 cm−1, and with corresponding NH bending in the region
of 1100–1800 cm−1.65 The absorption band on the region
1500–1200 cm−1 was attributed to chemical species formed
when CO2 reacts with amines, the peak at 1560 cm−1 assigned
to stretching band of carbamate (COO−). Peaks at 1404 cm−1,
and 1376 cm−1 were attributed to NH2

+ deformation of second-
ary amine and C–N stretching/NCOO− skeleton vibration of
carbamate.65 In FTIR spectra of pellets, typical peaks of
sodium alginates were much weaker than pure alginate
powder, suppressed and superimposed by amine-CO2 chemi-
cal species in pellets.

Kinetics of CO2 adsorption. To gain a deeper understanding
of the CO2 adsorption and desorption kinetics of PEI/HMDA
functionalized beads, we systematically evaluated the time-
dependent behaviour of adsorbents at different temperatures
and flow rates under the typical 15% CO2 in N2 conditions.
Initially, three kinetic models, Pseudo first order (eqn (1)),66

Pseudo second order (eqn (2)),67 and Avrami kinetic models
(eqn (3)) were applied to fit the experimental TGA adsorption
data.68–70 From this analysis, the most predictable model was
selected and utilized for further analysis of the best sample

(silica-PEI), recognizing the different kinetic models can
explain different CO2 adsorption mechanisms.71

The experimental CO2 adsorption TGA profiles and corres-
ponding fitting curves for silica-PEI and silica-HMDA are illus-
trated in Fig. 5 and relative parameters obtained after kinetic
modelling are summarized in respective Table 1. The Pseudo
first order kinetic model did not fit entirely the CO2 adsorption
profile (Fig. 5a); however, it provides a good fit for the initial
CO2 capture profile. Conversely, Pseudo second order (Fig. 5b)
and Avrami kinetic models (Fig. 5c) demonstrated good fits
across almost the entire CO2 adsorption profile.

Among the three kinetic models, the Avrami kinetic model
accurately predicted Qe value of 1.28 which closely matched
the experimental values of 1.29 for silica-PEI. Silica-HMDA
showed a higher kA compared to silica-PEI despite having a
lower CO2 adsorption capacity. This suggests that primary
amine groups are highly reactive compared to secondary
amines, as most of the amines in PEI are secondary. This
difference in adsorption capacity could be due to the accessi-
bility of CO2 capture sites, sites, and better diffusion of CO2

within the silica-PEI.
Effect of adsorption temperature and CO2 flow rate. The

Silica-PEI beads were further investigated for the effect of CO2

flow rate and adsorption temperature to determine suitable
conditions (Fig. 6). With increasing adsorption temperature,
the CO2 adsorption capacity of silica-PEI bead increased from
2.8 wt% (0.63 mmol g−1) at 30 °C to 5.2 wt% (1.18 mmol g−1)

Fig. 3 SEM images of (a and b) BFS, (c and d) Silica.
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at 75 °C and decreased to 4.9 wt% (1.11 mmol) as temperature
rose to 90 °C (Fig. 6a and S14†). This trend can be attributed
to increased mobility of amines, change in amine distribution
due to high temperature, enhanced CO2 diffusion, increased
accessibility of amine sites at higher adsorption temperatures,

and improved selectivity toward CO2 over N2.
72,73 However, at

90 °C, the CO2 capture capacity decreased to 1.11 mmol g−1,
possibly due to the equilibrium between amine and CO2 shift-
ing to the left side (favoured desorption more).73,74 At lower
temperatures, the thermal stability of chemical species formed
by a chemical reaction between amine and CO2 is stronger
than the desorption temperatures. Higher adsorption tempera-
ture closer to desorption conditions leads to decreased
thermal stability of chemical species and a shift in equilibrium
towards lower values.57

At 75 °C, a suitable adsorption temperature was identified
for further analysis, and the effect of CO2 flow rate was opti-
mized at 75 °C (Fig. S15†). Interestingly, the lowest flow
(25 mL min−1) exhibited a higher CO2 adsorption capacity
compared to flow rates of 50, 75, and 100 mL min−1, indicating
that the bead achieved saturation within a short period
(Fig. 6b and S15†). The rate constant kA increased with temp-
erature and decreased at 90 °C (Table 2). This is supported by
the higher kA values observed at various flow rates, indicating
that the amine sites are highly accessible and saturate rapidly
even at a low CO2 flow rate (25 mL min−1). Additionally, the nA
value varied with different adsorption temperatures and flow
rates, predicting that the CO2 adsorption mechanism was
different for each system (Table 2). The CO2 diffusion rate and
mass transfer rate significantly influence the adsorbent’s CO2

adsorption performance, and rapid saturation and desorption

Fig. 4 CO2 adsorption on (a) silica-PEI bead and (b) silica-HMDA bead.
Adsorption at 75 °C for 30 min, using 15% CO2 in N2, desorption at
100 °C for 15 min.

Fig. 5 Fitting of CO2 adsorption profiles using three kinetic models, (a) Pseudo first order kinetic model, (b) Pseudo second order, and (c) Avrami
kinetic model.

Table 1 Kinetic parameters of various kinetic models for silica-PEI and
silica-HMDA bead

Kinetic Model Parameters Silica-PEI Silica-HMDA

Pseudo first order Qe 1.25 ± 0.001 0.940 ± 0.0002
k1 0.400 ± 0.002 1.16 ± 0.004
R2 0.9879 0.9899

Pseudo second order Qe 1.38 ± 0.001 0.972 ± 0.001
k2 0.432 ± 0.002 2.54 ± 0.042
R2 0.9999 0.9999

Avrami Qe 1.28 ± 0.001 0.938 ± 0.0002
kA 0.396 ± 0.002 1.12 ± 0.002
nA 0.767 ± 0.004 1.21 ± 0.005
R2 0.9999 0.9999
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are favourable for the large-scale deployment of such
adsorbents.

Desorption of CO2. Desorption is a critical stage in adsor-
bent design and large-scale applications. Achieving a low de-

sorption temperature and high rate of CO2 desorption/regener-
ation is crucial for the widespread deployment of CO2 capture
technology with reduced cost. To this end, four different de-
sorption temperatures (90, 100, 110, and 120 °C) were selected
to regenerate silica-PEI bead (Fig. 7 and S16†).

As the desorption temperature increased, the rate of de-
sorption (kA) also increased (Table S3†), and the bead des-
orbed quickly within 10 min (Fig. 7a). However, at 90 °C, the
bead took a considerably longer time compared to the other
desorption temperatures, reflecting the thermal stability
of chemical species formed during the CO2 adsorption
(Fig. 7a). These observations indicate that the beads were
easily and fully regenerable within the range of 90–120 °C, as
supported by the −Qe values (Fig. 7b). However, it is essential
to note that higher temperatures could lead to amine
degradation, leaching, and formation of stable chemical
species.75–77 Therefore, 100 °C for 15 min was selected for
further investigation to minimize thermal degradation and
amine leaching.

Diffusion limitations within beads were also accessed by
converting the bead into powder and using them for CO2

capture investigations. Corresponding PEI powder samples
showed similar CO2 capture capacity as beads (Fig. S17†). The
Avrami kinetic models of powder samples also revealed higher
kA values for both adsorption (i.e. 0.90) and desorption (i.e.
0.65) compared to beads (i.e. 0.36, and 0.37 for adsorption and
desorption, respectively) (Fig. S17, S18 and Tables S4, S5†).
This indicates that both CO2 adsorption and desorption are
diffusion-limited in beads.

Adsorption–desorption cycles. The recyclability of solid
adsorbents is crucial, and we conducted 105 adsorption–de-
sorption cycles and observed a continuous reduction in
adsorption capacity (Fig. 8 and S19†). Silica-HMDA exhibited a
gradual decrease in CO2 adsorption capacity (Fig. 8 and S20†),
and experienced a 50% reduction just in 20 cycles, primarily
due to the vaporization/degradation of HMDA. The formation
of stable chemical species such as urea, or cyclic urea type
species may also increase the rate of adsorbent degradation
with no. of cycles.78–80 The degradation mechanism has been
investigated previously, highlighting the importance of under-
standing and mitigating adsorbent degradation in long-term
applications.79,81–83

Fig. 6 Effect of adsorption temperature (a) and CO2 flow rates (b) on
CO2 capture capacity and their corresponding Avrami model fitted
curves of silica-PEI bead.

Table 2 Fitting parameter of Avrami kinetic model for the adsorption of CO2 on silica-PEI bead

Parameters 30 °C 50 °C 75 °C 90 °C

Effect of temperature Qe 0.64 ± 0.004 0.83 ± 0.003 1.13 ± 0.001 1.08 ± 0.001
kA 0.371 ± 0.008 0.510 ± 0.008 0.634 ± 0.003 0.599 ± 0.002
nA 0.625 ± 0.009 0.596 ± 0.007 0.854 ± 0.007 0.935 ± 0.004
R2 0.9999 0.9999 0.9999 0.9999

Effect of flow 25 mL min−1 50 mL min−1 75 mL min−1 100 mL min−1

Qe 1.20 ± 0.001 1.15 ± 0.001 1.15 ± 0.001 1.14 ± 0.001
kA 0.489 ± 0.002 0.678 ± 0.004 0.708 ± 0.005 0.725 ± 0.005
nA 0.904 ± 0.005 0.773 ± 0.006 0.771 ± 0.007 0.757 ± 0.006
R2 0.9999 0.9999 0.9999 0.9999
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Conclusion

We have successfully demonstrated the viability of utilizing
BFS, a steel industrial waste abundant in supply, for the
synthesizing mesoporous silica, employing a two-stage dis-

solution and precipitation using HCl and NaOH. The prepared
mesoporous silica possesses a moderate surface area of
100 m2 g−1 and a wide pore size distribution ranging from
4–20 nm. Our investigation highlights the potential to explore
BFS for the continuous production of mesoporous silica using
dissolution-precipitation at a large scale.

Fig. 7 (a) Desorption temperature optimization using Silica-PEI bead. (b) Kinetic parameters of four different desorption temperatures.

Fig. 8 (a) 105 adsorption–desorption cycles of silica-PEI bead. (b) 20 adsorption–desorption cycles of silica-HMDA bead. Adsorption was per-
formed at 75 °C, a CO2 flow rate of 25 mL min−1 for 15 min, and desorption at 100 °C for 15 min under the flow of N2 (50 mL min−1).
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Furthermore, we converted the mesoporous silica powder
into industrial-grade solid amine adsorbents and evaluated
their performance for CO2 capture (15% CO2 in N2). PEI func-
tionalized silica bead demonstrated superior performance
compared to HMDA. After 105 adsorption–desorption cycles,
the silica-PEI bead revealed no significant sign of performance
degradation (approximately 8% decrease in adsorption
capacity was observed). It’s essential to note for the practical
applications, making beads/pellets/monoliths a more feasible
and scalable option for industries.
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