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Amino-silane-grafted adsorbents were successfully synthesized by a solvent-free method. A silane solution

was introduced into the pores of a porous silica support through capillary action and grafted by subsequent
heating. Characterization of materials with different synthesis and pre-treatment conditions revealed that
the pre-treatment to remove the water in the support and suitable amounts of silane were crucial
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factors to uniformly graft the amine on the porous support in the solvent-free method. Further, we

investigated the CO, adsorption performance of amine-grafted materials in dry or humid 400 ppm CO,
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Introduction

Direct air capture (DAC), a technology for directly and artificially
capturing CO, from air, has gained considerable attention
because of growing concerns about climate change and the
demand for a sustainable society.*” Amino-silane-grafted solid
adsorbents are gathering momentum for DAC applications
owing to their cycling stability, high energy efficiency, and merit
against corrosion resistance."*” Several types of amino-silane-
grafted silica and other porous materials have been suggested
by the Climeworks company for DAC systems.® In Climeworks'
Orca plant, 3-aminopropylmethyldiethoxysilane-modified
nano-fibrillated cellulose has been used, which can capture
4000 tons of CO, annually.” As of 2023, 18 DAC plants have been
set up worldwide, and the total CO, capture capacity of these 18
plants is approximately 10 000 tons of CO, per year.” However,
the Intergovernmental Panel on Climate Change indicates that
in addition to reducing CO, emissions from industry, 2-20
gigatons of CO, need to be annually removed from the air by
2050.%° Thus, DAC technology must become more economically
feasible on a large scale to expand its deployment.®

One of the biggest obstacles to realizing cost-effective DAC is
the cost of the adsorbent. Several cost analyses indicated the
overall cost of DAC is sensitive not only to the performance but
also purchase cost of DAC adsorbent.>*'*** The typical synthesis
of amino-silane-grafted adsorbents requires excessive usage of
amino silane, because a larger amount of amino silane
increases the grafting efficiency on the surface of the support.**
Recently, Li et al'™ found that amino-silane-grafted
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gases, demonstrating that the obtained materials synthesized by the solvent-free method exhibited good
adsorption performance, comparable to that of conventional CO, adsorbents.

adsorbents prepared by the impregnation method with the
minimum silane usage exhibited excellent DAC performance,
comparable to that of reported adsorbents prepared with excess
silane. However, existing synthesis procedures, including the
method reported by Li et al.,**" still require the use of organic
solvents. The separation and recycling of organic solvents is
environmentally problematic, and it requires extra energy
consumption and specific equipment.” Although the direct
grafting of amino silane onto a porous support through
mechano-chemical techniques has been reported, these
synthesis methods require special equipment (e.g., for ball
milling) and another organic solvent for sample washing.**"’
Herein, we report a facile strategy for synthesizing an amino-
silane-grafted adsorbent based on a solvent-free method that
also minimizes the use of amino silane. By using the capillary
action phenomenon of porous materials under suitable
synthesis conditions, the pores of the support can be uniformly
filled with amino silane liquid. Subsequently, amino silane is
grafted on the support through a heat treatment. In this study,
3-aminopropyltrimethoxysilane (APTMS) was used as a silane
coupling agent. The resulting amino-silane-grafted mesoporous
silica by the solvent-free method [SBA-SF-X, X = amino silane
addition (wt.%)] was synthesized by physical mixing. For
comparison, we also synthesized APTMS-grafted SBA-15 by the
impregnation method using an organic solvent (acetonitrile)
[SBA-Imp(A)-X], according to the method reported by Li et al.****
Considering the cost-effectiveness and environmental friendli-
ness of water, we also conducted this impregnation synthesis
using water instead of acetonitrile [SBA-Imp(W)-X]. We found
that acetonitrile was a useful organic solvent to achieve a high
CO, adsorption amount in the previous optimization study
using the impregnation method.”® For the SBA-Imp(W)-X
samples, water was removed by vacuum drying at 70 °C.
Finally, SBA-Heat(W)-X samples were synthesized by heating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and evaporation at 70 °C and atmospheric pressure for 2.5 days
to remove the water. However, in this study, we regarded SBA-
Imp(W)-X and SBA-Heat(W)-X as reference samples to obtain
insights into the influence of water because these two samples
exhibited lower DAC performance than other samples. X-ray
diffraction (XRD), Fourier transform infrared (FT-IR), *°Si
magic-angle spinning nuclear magnetic resonance spectroscopy
(>°Si MAS NMR), N, adsorption-desorption, scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and CHN elemental analysis were employed to characterize the
grafting of amino-silane. We also investigated the CO, adsorp-
tion property of the obtained amine-grafted materials using
humid or dry 400 ppm CO, gases.

Experimental

Materials

Pluronic P123 (EO,,PO,4EO,, Aldrich), tetraethyl orthosilicate
(TEOS, Tokyo Chemical Co Inc.), HCI (36 wt.%, Fujifilm Wako
Chemical Co), acetonitrile (99.8%, super dehydrated, Fujifilm
Wako Chemical Co), 3-aminopropyltriethoxysilane (APTMS,
96%, Tokyo Chemical Co Inc.), N-[3-(trimethoxysilyl)propyl]
ethylenediamine (97%, Aldrich) and 3-(trimethoxysilylpropyl)
diethylenetriamine (technical grade, Aldrich).

Synthesis of amino-silane-grafted mesoporous silica

The preparation of SBA-15 was based on a previous report.**
The amino-silane-grafted SBA-15 was synthesized as follows:
SBA-SF-X. SBA-15 (0.1 g) was added into a 15 ml Teflon test

tube, and then, N, gas was continuously introduced into the

tube, which was heated at 80 °C for 3 h to remove adsorbed
water. After 3 h of the drying pretreatment, the SBA-15 was
cooled down to room temperature in a N, environment, and

APTMS was added into the Teflon test tube. Subsequently, the

mixture was ground and stirred using a stirring rod in a N,

environment at room temperature for 15 min. After grinding, N,

flow was continuously introduced into the Teflon tube con-

taining the mixture, which was heated at 80 °C for another 1 h.
SBA-Imp(A)-X. SBA-15 (0.3 g) was dispersed in 5 ml of

acetonitrile containing a specified quantity of APTMS. This

mixture was placed in a 15 ml Teflon test tube. The mixture was
then dried for 24 h at 70 °C under atmospheric pressure to
remove the solvent completely.

SBA-Imp(W)-X. SBA-15 (0.3 g) was dispersed in 5 ml of
deionized water containing a certain quantity of APTMS, and
the mixture was placed in a 15 ml Teflon test tube. The mixture
was then vacuum dried at 70 °C for 1.5 h to remove water.

SBA-Heat(W)-X. SBA-15 (0.3 g) was dispersed in 5 ml of
deionized water containing a specified quantity of APTMS. This
mixture was then placed in a 15 ml Teflon test tube before
heating to 70 °C at atmospheric pressure for 2.5 days until the
water was completely removed.

APTMS was loaded onto SBA-15 via the condensation reac-
tion shown in eqn (1), and the weight of the added amino-silane
was calculated using eqn (2), taking into account the removal of
methanol.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H,NCH,CH,CH,Si(OCH3); + 3 R3Si(OH) —
H,NCH,CH,CH,Si(OSiR3); + 3 CH;0H (1)
Amino silane addition(wt.%)

. Maprms — Mcn,0- @)
Mupport + Maprms — Myvieon

where Maprms, Msupporty Mcr,0- and Myeon correspond to the
masses of APTMS, support, CH;0~ in APTMS, and methanol,
respectively. All methoxy groups from APTMS were assumed to
be converted into methanol.

CO, adsorption measurement. The CO, adsorption amount
of the samples was measured by using a thermogravimetric
analyzer (TGA). The samples were pretreated at 80 °C under N,
gas flow for 30 min before cooling down to 30 °C. Then, dry
400 ppm CO,/N, gas was introduced, and the CO, adsorption
amount was calculated based on the mass change after intro-
ducing the CO,-containing gas (Fig. S1, SI). In addition, the CO,
adsorption performance was also test at 25 °C in 400 ppm CO,/
He gas with 60% relative humidity (Fig. S2, SI) through break-
through instrument. More detailed about CO, adsorption
measurement and structural characterization are listed in SI.

Results and discussion

The XRD pattern (Fig. S3, SI) of SBA-15 exhibits diffraction
peaks originating from the (100), (110), and (200) planes of the
hexagonal structure of mesoporous silica. After grafting with
APTMS, the peak intensity significantly decreased in SBA-
Heat(W)-X especially in the sample with high addition of
silane, while these peaks remained in the patterns of the other
samples. The TEM (Fig. S4, SI) image of SBA-Heat(W)-30 lacks
the contrast originating from an orderly arrangement of pores
and walls. This structural degradation was attributed to the
long-term  hydrothermal  treatment wunder  alkaline
conditions.'®*®

The FT-IR spectrum (Fig. S5, SI) shows five peaks, attributed
to the NH,, CN, and CH, groups of grafted APTMS.>® The °Si
MAS NMR spectra (Fig. S6, SI) display signals from APTMS and
its grafting. Peaks related to the T> ((Si0),SiOHOR) and T’
((SiO)3SiOR) sites of grafted APTMS appeared at —60 and
—68 ppm, respectively. The CHN elemental analysis (Table S1)
reveals that the actual amino silane loading increased with the
increasing addition of amine. These analytical results indicate
that APTMS was successfully grafted onto the support, while the
mesoporous structure of SBA-15 was preserved in SBA-Imp(W)-
X, SBA-Imp(A)-X, and SBA-SF-X.

Fig. 1 shows the CO, adsorption amount under dry condi-
tions. Regardless of the amount of amino silane added, SBA-
Heat(W)-X adsorbed a remarkably low amount of CO, because
it lacked its original structure. For the other samples, the CO,
adsorption amount increased in the range of 15-30 wt.% amino
silane and then decreased above 35 wt.%. SBA-Imp(W)-X
adsorbed less CO, than SBA-Imp(A)-X and SBA-SF-X at all
amounts of amino silane. At the optimal amino silane addition
(30 wt.%), SBA-SF-30 and SBA-Imp(A)-30 adsorbed similar
amounts of CO, of 0.60 and 0.57 mmol g, respectively, which

RSC Adv, 2025, 15, 39672-39676 | 39673
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Fig.1 CO; adsorption amounts of all samples in 400 ppm CO, under
dry conditions measured by TGA.

are comparable to those of existing amino-silane-grafted
adsorbents (Table S2, SI). However, for the SBA-SF-X with
35 wt.% amine or higher, the CO, adsorption remained high
and did not decrease significantly, in contrast with the SBA-
Imp(A)-X samples, implying that SBA-SF-X had more uniform
grafting state. This is due to the uniform loading state of silane
on SBA-SF materials, which provided their high BET surface
area in the high loading level (Table S5). This CO, adsorption
performance suggested that the cost-effective solvent-free
method was an excellent approach for synthesizing adsor-
bents with high DAC performance.

To understand why the solvent-free method enabled high
CO, adsorption even in the larger additions of amino silane,
SEM, N, adsorption-desorption, and *°Si MAS NMR were con-
ducted. Fig. 2 schematically illustrates the expected grafting
processes of amino silane under different conditions. The SEM
images (Fig. S7 and S8, SI) reveal that regardless of the synthesis

Impregnation with acetonitrile (SBA-Imp(A))

——

V7272222277

Silane Pore wall of SBA-15
monomer Silane polymer /
® a 72227227
772227
Impregnation with water (SBA-Imp(W) and Heat(W))
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Solvent-free method (SBA-SF)
Silane liquid

U222

Fig. 2 Schematic of the APTMS modification process.
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method, the morphology of the mesoporous silica particles did
not significantly change from that of the original SBA-15.
However, irregular particles with sizes of over 5 pm appeared
in SBA-Imp(W)-30 and SBA-Heat(W)-30. >°Si MAS NMR (Fig. S6
and Tables S3-S4) demonstrated that the amount of surface
silanol on SBA-15 consumed to prepare SBA-Imp(W)-30 was only
3.9%, suggesting that the majority of APTMS did not react with
the surface silanol of SBA-15. Therefore, these enormous
particles were concluded to be polymers formed by the inter-
molecular condensation of APTMS.

The detailed pore structures of the APTMS-grafted samples
were measured by N, adsorption at —196 °C. The pore size
distribution was evaluated through the Barrett-Joyner-Halenda
(BJH) model from the adsorption branch (Fig. S9-S11 and Table
S5, SI). After APTMS grafting, all samples had smaller pores
than SBA-15 (5.4 nm). Notably, the BJH curves indicate that the
SBA-SF-X samples retained a mesoporous structure with a pore
size of 4.8 nm, even with aminol silane additions above 30 wt.%.
In contrast, no mesopores were observed in the SBA-Imp(A)-X
and SBA-Imp(W)-X samples at these levels of amine loading,
indicating that the mesoporous structure of SBA-15 was
completely blocked by APTMS. Thus, the high CO, adsorption
amount of SBA-SF-X was considered to be related to its uniform
pore size.

In a previously reported silane grafting process in solu-
tions,* the main reaction was the hydrolysis of silane through
existing water, which could be from the solvent or even from the
air.*»** Subsequently, competitive reactions occurred: the
intermolecular condensation of hydrolyzed silane in solution
resulting in the formation of polymer and the heterogeneous
condensation reaction of hydrolyzed silane with the silanol
groups on the support surface. However, even using anhydrous
organic solvents, the formation of silane polymer can't be
inhibited completely.”” In addition, because of the catalytic
effect of NH, groups on the condensation of silane, amino
silane inevitably forms polymers in organic solutions and
modifies them onto the support in the form of polymers.>*** In
aqueous solution, water promotes the intermolecular conden-
sation reaction of amino silane, forming larger amino silane
polymers,* which are difficult to incorporate into the meso-
pores of SBA-15.

To understand the modification process under solvent-free
conditions, a sample wherein APTMS and SBA-15 were physi-
cally mixed without a heat treatment was characterized by XRD.
The XRD pattern (Fig. S12, SI) shows that the intensity of the
peak originating from the mesoporous structure significantly
decreased just after mixing with APTMS. The disappearance of
this peak was due to the APTMS liquid filling the mesopore
spaces, which prevented X-ray scattering.”®*” After the subse-
quent heat treatment, the XRD peak for SBA-15 increased in
intensity (this state was used for the CO, adsorption experi-
ment). Therefore, APTMS was introduced uniformly through
the capillary action, and mesopore spaces were created by the
heat treatment. The *°Si MAS NMR results (Table S4, SI) were
not contradicted by this hypothesis. The surface silanol
consumption of SBA-SF-X was 46.7%, indicating that the
introduced APTMS actually condensed with the surface silanol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of SBA-15. In addition, the influence of the pre-drying treatment
of SBA-15 was investigated, and the SBA-SF-X sample prepared
using SBA-15 without pre-drying adsorbed less CO, than that
synthesized with the pre-dried SBA-15 sample (Fig. S13, SI).
Moreover, the N, adsorption measurements (Fig. S14 and Table
S6, SI) revealed that the surface area and pore size of the SBA-SF-
X sample without pre-drying were smaller than those of the SBA-
SF-X sample prepared using pre-dried SBA-15.>° Although XRD
did not reveal a significant difference between the samples with
or without pre-drying (Fig. S15), some irregular APTMS polymer
particles appear in the SEM images of the sample without pre-
drying (Fig. S16). These characteristics indicate that the pres-
ence of water in the pores hindered the capillary action of the
APTMS polymer during solvent-free synthesis. Therefore,
adjusting the addition of silane and the pre-drying treatment to
remove water were both crucial to achieving solvent-free amino
silane grafting.

To verify the versatility of the solvent-free method in this
study, samples were also synthesized using N-[3-(tri-
methoxysilyl)propyljethylenediamine (diamine) and 3-(tri-
methoxysilylpropyl)diethylenetriamine (triamine), and their
CO, adsorption performance was measured by TGA (Fig. S17,
SI). The SBA-SF-X(diamine) and SBA-SF-X(triamine) adsorbed
the highest CO, amounts of 0.68 and 0.48 mmol g, respec-
tively, when the amino silane addition was 30 wt.%. The results
of TGA and the comparison with existing amino-silane-grafted
adsorbents (Table S7, SI) confirm the wide applicability of the
proposed synthesis method.

The recycling stability of the adsorbent is also a crucial
parameter. Thus, the adsorption performance of the adsorbents
during multiple cycles under dry and simulated DAC conditions
was tested. Fig. 3 shows that during five cycles under dry
conditions (in TGA), both SBA-Imp(A)-30 and SBA-SF-30 main-
tained stable adsorption amounts of 0.56 and 0.60 mmol g™,
respectively. In the humid environment, the average CO,
adsorption of SBA-Imp(A)-30 and SBA-SF-30 during five cycles
was 0.33 and 0.38 mmol g, respectively, which were slightly
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Fig. 3 Recycle stability of SBA-Imp(A) and SBA-SF-30 under simulated
dry and humid DAC conditions.
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lower than those under dry conditions. Under humid condi-
tions, the initial adsorption amount of SBA-SF-30 was relatively
low (0.27 mmol g~ '); however, from the second cycle, the
adsorption amount of SBA-SF-30 increased (0.40 mmol g~*") and
remained stable in subsequent cycles. In contrast, the adsorp-
tion amount of SBA-Imp(A)-30 gradually decreased during
multiple cycles. Although *°Si MAS NMR showed that modifi-
cation states of APTMS in SBA-Imp(A)-30 and SBA-SF-30 were
similar, the pores of SBA-SF-30 (4.8 nm) were larger than those
of SBA-Imp(A)-30 (4.2 nm). Thus, this difference of the CO,
adsorption amount between SF and Imp(A) samples was prob-
ably related to the competitive adsorption of water reported
previously.”® Some research groups have proposed that the
presence of water can block adsorbent pores.” Thus, the
uniformly large pore structure of SBA-SF-30 may have played an
important role in its high stability.

Conclusions

We demonstrated that amino-silane-grafted adsorbents could
be prepared by a solvent-free method that minimized amino
silane usage. The obtained SBA-SF-30 with a uniform pore
structure adsorbed 0.6 mmol g~ CO, under dry 400 ppm CO,
conditions, and this adsorbent showed excellent stability in
both dry and humid DAC environments. Additionally, different
silanes could be used in this method. This work offers good
prospects for the efficient, cost-effective synthesis of amino-
silane-grafted adsorbents for deploying DAC technologies on
a large scale, and it provides new insights into the synthesis of
various CO, adsorbents.
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