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Silica-alumina aerogels functionalized with amino-groups for the 
adsorption of CO2

Marta Gallo * , Marco Armandi , Fabiana Mangano , Silvia Ronchetti , Mauro Banchero ,  
Luigi Manna
Dipartimento di Scienza Applicata e Tecnologia, Politecnico di Torino, Corso Duca Degli Abruzzi, 24, Torino 10129, Italy

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• silica-alumina aerogels with amino 
groups were prepared through a one-pot 
process.

• low amine-content did not confer 
significantly different properties.

• high amine-content significantly 
improved CO2 adsorbed amount and 
selectivity over N2.

A R T I C L E  I N F O
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A B S T R A C T

To overcome climate challenges, emerging CO2 capture technologies focus on innovative solid sorbents, like 
aerogels. Silica aerogels, in particular, have emerged as an exceptional class of materials with unique properties 
even though their adsorption selectivity towards CO2, and their thermal and mechanical properties are limited. 
In this research, a hybrid silica-alumina aerogel has been prepared, to merge the elevated surface area typical of 
silica with the basic character (favorable to CO2 adsorption) and the high thermal and mechanical resistance 
typical of alumina. For the first time, these silica-alumina aerogels were functionalized with 3-aminopropyltrie
thoxysilane (APTES) amino groups through a one-pot process. This approach was chosen to directly introduce 
functional groups during gel formation, reducing the number of post-synthesis steps. The functionalization with 
amino groups aims to strengthen the interactions with CO₂ molecules via acid–base interactions, thus enhancing 
adsorption capacity and selectivity. Three samples with increasing APTES content as well as a reference without 
any functionalization were prepared and characterized in terms of physico-chemical and adsorption properties. 
The results of CO2 and N2 adsorption tests as well as in situ FTIR suggest that low functionalization does not 
confer a significant advantage in CO2 capture. Higher APTES contents, instead, lead to a significant increase in 
the total quantity of adsorbed CO2 and in higher selectivity over N2 (calculated according to the Ideal Adsorbed 
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Solution Theory). Moreover, also the strength of interaction increases, since not only physisorption, but also 
chemisorption takes place.

1. Introduction

Climate change stands as one of the most formidable challenges 
confronting human society in the 21st century. The constantly 
increasing concentration of greenhouse gases attributed to human ac
tivities, such as fossil fuel combustion and deforestation, is identified as 
a key driver of the global temperature rise. Carbon dioxide (CO2), which 
constitutes approximately 60 % of greenhouse gases emissions, pri
marily arises from the combustion of fossil fuels and is acknowledged as 
the principal responsible for global warming [1]. To mitigate the 
adverse effects of CO2 emissions, there is an urgent need for innovative 
and efficient technologies for its capture and storage. There are three 
primary methods for CO2 capture: pre-combustion, post-combustion, 
and oxycombustion. These methods entail various processes for sepa
rating CO2 from gas mixtures, including absorption, physical/chemical 
adsorption, membrane separation, and cryogenic separation. However, 
challenges exist with all these technologies, including their high-energy 
consumption, corrosion risks to equipment, degradation of amines used 
in liquid phase absorption, potential generation of toxic by-products, 
and excessive solvent loss through evaporation [2]. To overcome these 
drawbacks, emerging CO2 capture technologies currently focus on solid 
physical and chemical adsorbents, such as zeolites, metal-organic 
frameworks, activated carbon, mesoporous silica, and aerogels. 
Among these, silica aerogels, exhibiting a combination of high surface 
area, low density, and tunable porosity, are highly attractive for the 
development of next-generation CO2 adsorbents [3–5]. Although silica 
aerogels are good adsorbents, owing to the intrinsic inertness of the 
surface Si-OH groups, their adsorption capacity and selectivity towards 
CO2 are limited. The CO2 capture capacity, however, can be improved 
by functionalizing the matrix with amino groups [6,7]. In fact, the 
inherent basic properties of amines play a pivotal role in facilitating the 
absorption of a significant amount of CO2. Indeed, in the work by Cui 
et al. [8] the adsorption capacity of silica aerogel modified with 3-ami
nopropyltriethoxysilane (APTES) reached ~2.3 mmol/g and was proved 
to be roughly 5 times higher than that of pure silica aerogel. Similarly, 
Choi and coworkers functionalized silica aerogel with increasing 
amounts of APTES, passing from a CO2 adsorption of 0.1 mmol/g for the 
pristine silica aerogel to 3.1 mmol/g for the aerogel with a high APTES 
content (APTES/silica ratio equal to 2.5) [9]. Therefore, in this work we 
focused on functionalizing a silica-based aerogel with amino groups 
derived from APTES. In addition, we chose to functionalize 
silica-alumina aerogels, rather than pure silica aerogels, to merge the 
high surface area of silica, with the high thermal and mechanical 
resistance of alumina [7] as well as its basic character, which may be 
favorable to CO2 capture [10]. Commonly, amino-modified silica aero
gels are obtained either by bonding amines to the surface of the support 
through strong chemical bonds (i.e. grafting [11]) or by impregnating 
the amine within the pore volume by weak physical interactions (i.e. wet 
impregnation [12]). In general, amine-grafted sorbents are more stable 
and withstand adsorption-desorption cycle better. Amine-impregnated 
materials, instead, usually have a higher CO2 capture capacity [13]. 
Both techniques, however, require at least an additional step after the 
aerogel synthesis, imply the use of organic solvents and, often, involve 
thermal treatments. In this work, silica-alumina hybrid aerogels were 
synthesized with an acid-base sol-gel procedure adapted from Tamon 
and coworkers [14]. Amino-groups were introduced directly during the 
aerogel synthesis with a simple co-precursor sol-gel procedure (inspired 
by [6]), without recurring to a subsequent grafting step [15]. The 
so-obtained gels were dried in supercritical CO2, to obtain monolithic 
aerogels. To the authors’ knowledge, this type of material has been 
synthesized for the first time during this research and there are no 

precedents in the literature. In total, three types of silica-alumina aer
ogels functionalized with increasing contents of APTES were obtained. A 
silica-alumina sample without APTES was also synthesized as a refer
ence. All samples were characterized in terms of physico-chemical 
properties as well as CO2 capture ability.

2. Materials and methods

2.1. Reagents

The following reagents were used as received: aluminum tri sec- 
butoxide (ATBS, Al[OCH(CH3)C2H5]3, Thermo Scientific), tetramethyl 
orthosilicate (TMOS, Si(OCH3)4, Fluka), 2-butanol (C4H10O, Emplura- 
Supelco), (3-aminopropyl)triethoxysilane (APTES, C9H23NO3Si), anhy
drous ethanol (C2H6O, Carlo Erba). Ammonium hydroxide (NH4OH, 
Sigma Aldrich), and hydrochloric acid (HCl, Sigma Aldrich) were 
diluted with ultrapure water to obtain the desired concentration.

2.2. Preparation of the gels

The synthesis of the silica-alumina aerogel (hereafter called “SiAl”) 
was inspired by [14]. The molar ratios chosen to calculate the amount of 
the reagents are reported in Table 1. In a typical synthesis, first, solution 
A was prepared mixing 4.57 g of TMOS, 0.63 g of HCl solution (0.01 M), 
and 11.55 g of 2-butanol for 1.5 h (200 rpm, Tamb). Second, solution B 
was obtained mixing 3.30 g of 2-butanol, and 0.87 g of ATSB for 5 min 
(200 rpm, Tamb). After, solutions A and B were mixed at 80 ◦C for 2 h. In 
the end, 4.81 g of NH4OH solution (1.0 M) were added; after a couple of 
minutes the stirring was stopped, the solution was poured into a beaker 
containing cylindrical glass moulds and it was kept at 80 ◦C until it 
turned into a gel (within a few minutes) (Figure S.1). Once the samples 
of gel (alcogel) were ready, they were covered with ethanol and aged for 
7 days at ambient temperature.

Three types of silica-alumina aerogels functionalized with APTES 
(named “SiAl+APTES”) were prepared by varying the number of APTES 
moles added during the synthesis. In particular, 2.5 mmol, 7.5 mmol, 
and 22.5 mmol of APTES were introduced, keeping the amount of TMOS 
constant and equal to 30 mmol. The resulting samples are called 
SiAl+APTES_2.5, SiAl+APTES_7.5, and SiAl+APTES_22.5, respectively.

To synthesize the SiAl+APTES samples, solutions A and B were 
prepared as previously explained; they were mixed and then, APTES and 
water were immediately added. The amounts of APTES and water were 
0.57 g and 0.57 g, respectively, for SiAl+APTES_2.5, 1.68 g and 0.85 g 
for SiAl+APTES_7.5, and 5.00 g and 1.70 g for SiAl+APTES_22.5. The 
solution was mixed for 1 h (200 rpm, Tamb) before adding 4.81 g of 
NH4OH, then it was again mixed for 2 min. Finally, the solution was 
poured into cylindrical glass moulds and left to gel at ambient temper
ature; gelation occurred in 1.5 h. The alcogels were covered with 
ethanol and aged for 7 days at ambient temperature.

2.3. Aerogel production using supercritical drying

The alcogel samples were dried by means of a supercritical drying 
process using carbon dioxide (CO₂). A simplified schematic diagram of 
the apparatus used is shown in Fig. 1.

Liquid CO₂ from a dip-tube cylinder was precooled to prevent cavi
tation and pressurized using a dual-piston pump. The fluid then passed 
through a heating coil, a high-pressure vessel containing the samples, 
and an automated back-pressure regulator (ABPR). Both the heating coil 
and the vessel were housed inside a thermostatically controlled oven.

The vessel was a stainless-steel cylinder (internal diameter 1.4 cm, 
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length 22 cm; internal volume ~34 cm³) arranged horizontally. Inside, 
the samples were separated by layers of glass wool. Each sample con
sisted of a small glass cylinder (internal diameter 8 mm, length 20 mm) 
containing the previously formed alcogel. A total of 6 samples were 
dried simultaneously.

At the initial stage, liquid CO₂ entered the vessel at 25.0 ◦C, while the 
ABPR valve remained fully closed. Once the operating pressure of 
105 bar was reached, the ABPR was activated to maintain constant 
pressure. The system was then gradually heated to the drying temper
ature (40.0 ◦C). Under these conditions (40.0 ◦C and 105 bar), CO₂ 
became supercritical. The process continued with a steady flow of su
percritical CO₂ at 4.0 g•min⁻¹ for at least 4 h, which was sufficient to 
fully replace the ethanol within the gel. The total CO2 consumption for 
the entire process was approximately 1.4 kg.

At the end, the CO₂ supply was stopped and the system was dep
ressurized at approximately 2.5 bar•min⁻¹while maintaining the drying 
temperature, to prevent structural damage to the samples. Once atmo
spheric pressure was reached, the vessel was allowed to cool to room 
temperature and the dried samples were removed.

2.4. Characterization of the aerogels

The aerogels were weighted, measured, and analyzed as follows. 
Fourier Transformed Infra-Red Spectroscopy (FTIR) spectra were 
recorded in transmission mode using a Bruker Tensor 27 spectrometer 
(Bruker, Billerica, MA, USA) equipped with a liquid nitrogen-cooled 
mercury–cadmium–telluride (MCT) detector, operating at 
2 cm⁻¹ resolution. The samples, in powder form, were pressed into thin 
self-supporting wafers and outgassed under vacuum (residual pressure ≈
1•10⁻⁴ mbar).

For X-ray Photoelectron Spectroscopy analyses (XPS), a VersaProbe 
5000 by Physical Electronic instrument, with a monochromatic radia
tion source Al Kα 1486.6 eV, was employed.

Thermogravimetric analyses (TGA) were carried out using a Setaram 
TGA (Caluire, France) by heating the samples between 20 ◦C and 800 ◦C 
with a heating rate of 10 ◦C min− 1 in air flow.

X-Ray Diffraction (XRD) data were obtained through a Panalytical 
Empyrean instrument (Cu Kα radiation, Malvern Panalytical, Almelo, 
The Netherlands) operating at 40 kV and 40 mA, equipped with a solid- 
state detector (PIXcel1D). The measurements were conducted within a 
wide-angle range (5◦ to 60◦).

Nitrogen adsorption-desorption isotherms were acquired using an 
ASAP 2020 Plus analyzer (Micromeritics, Norcross, GA, USA). Samples 
were outgassed at 70 ◦C for 3 h until the residual pressure was < 10 
μmHg. The surface area was calculated using the Brunauer–Emmett–
Teller (BET) method [16], while the pore volume was obtained using the 
Barrett–Joyner–Halenda (BJH) method [17], using desorption 
isothermal data.

Isothermal adsorption of CO2 was evaluated with the same instru
ment used to acquire the nitrogen isotherms; in this case, samples were 
outgassed at 120 ◦C for 2 h. To verify the possible presence of irre
versibly adsorbed CO₂, two-run experiments were conducted at 25 ◦C. 
After the first adsorption run, the samples were outgassed at room 
temperature (for 1 h) and subsequently underwent a second adsorption 
run, in which only reversible physisorption occurs.

The same instrument and procedure were used to measure N2 
adsorption isotherms at 25 ◦C, which were employed to investigate gas 
adsorption selectivity according to the Ideal Adsorption Solution Theory 
(IAST) [18–20]. The CO2/N2 adsorption selectivity at 25 ◦C was calcu
lated with IAST, for a mixture composition with a CO2:N2 ratio equal to 
15:85, considering that flue gases typically contain larger amounts of N2 
than CO2 [21]. The adsorption selectivity is given by Eq. 1: 

IAST Selectivity =
qCO2/qN2

pCO2/pN2
(1) 

Where q represents the mole fractions of the components in the adsorbed 
phase, while p refers to the bulk phase.

In situ FTIR analyses were performed exposing the samples at 
different CO2 equilibrium pressures at room temperature. Thermal pre- 
treatment and CO2 dosage were carried out using a standard vacuum 
frame, in an IR cell equipped with KBr windows. For IR measurements, 
the powders were pressed into thin self-supporting wafers (ca. 
8 mg•cm⁻²) and outgassed under vacuum (residual pressure ≈ 1•10⁻⁴ 
mbar) at 120 ◦C for 2 h, as described elsewhere [22]. IR spectra were 
recorded after dosing CO₂ (purity 5.5•10⁻³ to 112.5 Torr equilibrium 
pressure range) at room temperature on the pre-treated samples. The IR 
spectra were normalized to the wafer density. Difference spectra were 
obtained by subtracting the spectrum of the bare wafer (before CO₂ 
adsorption). After CO₂ adsorption, an evacuation step (30 min) at room 
temperature was performed to check the reversibility of the interaction.

3. Results

The composition of the silica-alumina aerogels was studied by FTIR 
analysis (Fig. 2). In all samples, the broad band between 3200 cm− 1 and 
3700 cm− 1 is attributable to –OH groups, which can be either due to 
silica (silanols) or to alumina [23]. The peaks around 2900 cm− 1 can be 
ascribed to the stretching of -CH groups of organic components [24]; 
these can be either due to the alkyl chain of APTES (in functionaed 
samples) or to precursor molecules not completely hydrolysed. The 
peaks observed around 1400 cm− 1 are likely connected to the presence 
of organic components too, as they can be ascribed to the bending of -CH 
groups (1450 cm− 1 to 1470 cm− 1, [24]). It is worth mentioning that also 
C-N bond may adsorb in a similar wavenumber range (1440 cm− 1 to 
1460 cm− 1 [25], [26]); this would indicate the presence of some N also 
in the SiAl sample (likely due to impurities probably related to the 
NH4OH reagent). As reported in the literature, a signal related to Al-OH 
is identifiable around 1640 cm− 1 [23], [27]. In the functionalized 

Table 1 
Molar ratios of reagents used for the synthesis of the different samples.

Sample ATSB TMOS TMOS þATSB NH4OH sol 1.0 M HCl sol 0.01 M 2 – butanol** APTES total H2O*

SiAl 0.1 0.9 1 8 0.9 6 - 8.9
SiAl+APTES_2.5 mmol 0.1 0.9 1 8 0.9 6 0.075 10
SiAl+APTES_7.5 mmol 0.1 0.9 1 8 0.9 6 0.225 10.5
SiAl+APTES_22.5 mmol 0.1 0.9 1 8 0.9 6 0.675 11.9

*This value represents the sum of moles of the water in ammonia solution, HCl solution, and of the water added with APTES
**Considering in total 6 moles of 2-butanol, 4.7 moles are used for solution A and 1.3 moles for solution B.

Fig. 1. Scheme of the experimental apparatus employed for the supercriti
cal drying.
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samples, the weak peak around 3300 cm− 1 and the peaks centered at 
1600 cm− 1 are attributed to the -NH2 stretching and bending mode, 
respectively [24].

The surface composition of the aerogels was analysed through XPS 
surveys; the results are reported in Table 2. No clear trend is observed for 
O and Al. A significant presence of C is detected in the SiAl aerogel, in 
accordance with the signal of organic components observed by FTIR. 
Interestingly, the percentage of C in the functionalized samples increases 
with the APTES content, since the APTES molecules contain alkyl chains. 
The Si content, on the opposite, decreases when the APTES content is 
increased, so suggesting that the functionalization influences the silica 
network formation. Unexpectedly, a small percentage of N is detected in 
the SiAl sample (likely due to the NH4OH synthesis catalyst), in accor
dance with the FTIR spectra, whose peak around 1440 cm− 1 to 
1460 cm− 1 may be related to C-N bond. In the functionalized aerogels, 
the content of N increases with the APTES content. It is worth noting that 
in the samples with the lowest APTES content (SiAl+APTES_2.5 and 
SiAL+APTES_7.5), the N peak is observed mainly at 401.7 eV, which 
belongs to protonated N [28,29] (Fig. 2A). However, in the 
SiAl+APTES_22.5, the main N peak is located at 399.6 eV, indicating the 
presence of deprotonated N (Fig. 3A). Finally, Al is detected in all 
samples at 75 eV [30] (Fig. 3B) even though its presence is limited and 
included between 1.0 and 3.1 at%.

The results of thermogravimetric analyses and the first derivative of 
mass loss versus temperature (dTG) are reported in Fig. 4A-B and 
Table 3. Mass losses that occur before 150 ◦C (whose dTG peak is around 
70 ◦C to 100 ◦C, Fig. 4B) can be ascribed to the evaporation of phys
isorbed water. It is observed that all the functionalized samples lose 
significantly less physisorbed water than the sample as such, meaning 
that their surface is more hydrophobic. This is coherent with the intro
duction of alkyl chains (of APTES) on the sample surface; alkyl chains, in 
fact, being non-polar, are hydrophobic [32]. In the non-functionalized 
SiAl aerogel, the mass loss observed between 150 ◦C and 800 ◦C is 
considerably higher than that ascribable to the sole condensation of the 
silanols, which typically occurs at these temperatures [33]. This mass 
loss can be attributed to the degradation of residual organic components 
from the synthesis process, in agreement with what was observed with 
the FTIR analyses. This is also coherent with the dTG peak observed 

around 200 ◦C in the SiAl sample (Fig. 4B), which can be ascribed to the 
degradation of organic components [34]. In the functionalized samples, 
the mass loss between 150 ◦C and 800 ◦C, may be due the degradation of 
residues of precursors (as observed in the non-functionalized SiAl aer
ogels) and/or to the amines introduced during the synthesis. The de
rivative of the mass loss does not present significant peaks around 200 
◦C (Fig. 4B), suggesting that the residual organic components are limited 
in the functionalized samples. Several peaks are observed above 250 ◦C 
(Fig. 4B): these are compatible with the degradation temperature of 
grafted APTES [35], confirming the successful incorporation of APTES in 
the materials. Interestingly, these peaks are more visible in the samples 
with the highest APTES content. However, since the contributions of 
amines and organic residues cannot be separated (as the degradation 
temperatures fall in the same range) it is not possible to deduce the exact 
mass content of amines from this measurement. In general, in the 
functionalized samples the total mass loss is lower than that observed in 
the sample as such and increases with the APTES content.

XRD patterns at wide angles (Fig. 5) present only a halo, typical of 
amorphous silica [36,37], confirming the absence of crystalline phases, 
such as alumina.

The N2 adsorption isotherm curves are reported in Fig. 6A. All 
samples present a type IV curve with a H1 hysteresis loop according to 
the IUPAC classification [38]. This is typical of mesoporous materials 
with uniform porosities and in a narrow range [38,39]. The specific 
surface area ranges from 530 m2/g for the SiAl+APTES_22.5 sample to 
870 m2/g and 880 m2/g for the non-functionalized SiAl aerogel and the 
SiAl+PATES_7.5 sample (Table 4). The porous volume varies between 
1.2 cm3/g for SiAl+APSTE_22.5 and 3.0 cm3/g for SiAl. For the 
non-functionalized SiAl aerogel, the pore size distribution is 
single-mode, and with a maximum around 15.2 nm (Fig. 6B). For the 
functionalized samples, instead, the pore distribution is larger, with an 
average value ranging between 15 nm and 20 nm (Table 4). The loss of 
homogeneity of pore size in the functionalized samples may be justified 
by the introduction of APTES during the sol-gel synthesis. The APTES 
molecules, interacting with the silica and alumina precursors, likely 
affect the silica-alumina network, altering its order.

Table 4 reports also an estimation of the average apparent density 
obtained by dividing the mass of the specimens by their volume 
(calculated geometrically). The results vary between 0.12 g/cm3 and 
0.30 g/cm3, without any clear correlation with the APTES content. 
Finally, the average volume shrinkage induced by supercritical drying 
(Table 4) seems to decrease with increasing APTES content, suggesting 
that the final aerogel properties are a result of the combined influence of 
supercritical drying and APTES concentration.

CO2 adsorption isotherms were measured on all samples (at 25 ◦C). 
To verify the possible presence of irreversibly adsorbed CO₂, two-run 
experiments were conducted. After the first adsorption run, the sam
ples were outgassed at room temperature (for 1 h) and subsequently 
underwent a second run, in which only reversible physisorption occurs. 
The reference sample, the non-functionalized SiAl aerogel, adsorbs a 
maximum amount of 0.99 mmol of CO2 per gram of material at 1 bar 
and does not present any sign of irreversibility (the two runs are over
lapped) (Fig. 7A). The SiAl+APTES_2.5 sample does not present any 
irreversible phenomenon either and adsorbs 0.90 mmol/g (Fig. 7B). 
SiAl+APTES_7.5 adsorbs a similar amount of CO2 (0.96 mmol/g), but a 
minority of the adsorption phenomena is irreversible (at room temper
ature) as run 2 does not overlap with run 1 but shows slightly lower 
values (Fig. 7C). Finally, the SiAl+APTES_22.5 sample absorbs a 
significantly higher quantity of CO2 (1.94 mmol/g), but with non- 
negligible irreversible phenomena (run 2 reaches a maximum amount 
of 1.58 mmol/g) (Fig. 7D).

To better compare the performance of the different adsorbents, run 1 
of all samples are gathered in Fig. 8. SiAl+APTES_2.5 presents a 
behaviour comparable to that of the non-functionalized sample, SiAl. 
Although SiAl, SiAl+APTES_2.5, and SiAl+APTES_7.5 adsorb roughly 
the same total amount of CO2, at lower pressures SiAl+APTES_7.5 

Fig. 2. FTIR spectra of the samples with (SiAl+APTES) and without function
alization (SiAl).

Table 2 
Atomic composition of samples according to XPS surveys (error on atomic per
centages from XPS surveys are of ≈5 % for O, C, and Si and up to 30 % for N and 
Al [31]).

Sample O (at%) C (at%) Si (at%) N (at%) Al (at%)

SiAl 52.1 26.6 18.4 1.5 1.0
SiAl+APTES_2.5 57.3 19.3 19.2 2.4 1.9
SiAl+APTES_7.5 51.7 23.7 16.7 4.7 3.1
SiAl+APTES_22.5 42.9 32.1 16.3 7.5 1.2
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exhibits a downward concavity, whereas the curves of the other two 
samples follow a linear trajectory. This reveals a higher affinity between 
SiAl+APTES_7.5 and CO2 at low pressure. The downward concavity is 
significantly accentuated in SiAl+APTES_22.5, where about 70 % of the 
total adsorbed CO2 is adsorbed at pressure lower than 100 mbar.

To better assess the interaction between the samples surface and 
CO2, in situ FTIR was employed. The spectra were acquired at increasing 
CO2 equilibrium pressure; the difference spectra, which were obtained 
by subtracting to each spectrum the one recorded prior to CO2 adsorp
tion, are reported in Fig. 9. For the SiAl and SiAl+APTES_2.5 samples 
(Figs. 9A-B and 9C-D, respectively), only one peak appears at around 
2340 cm− 1, which increases at higher CO2 pressures. This peak can be 
attributed to molecular physisorbed CO2 [40], and it totally disappears 

after the outgassing step (dashed line in Fig. 9A-C), so indicating that the 
adsorption phenomenon is completely reversible. For SiAl+APTES_7.5 
and SiAl+APTES_22.5, new bands appear around 1500 cm− 1 to 
1600 cm− 1 (Figs. 9F and 9H), indicating the formation of carbamates 
[41–43] caused by the chemical interaction between APTES and CO2. 
Interestingly, in SiAl+APTES_22.5 the peak of gaseous CO2 rather than 
that of molecular physisorbed CO2 is observed at around 2340 cm− 1 

(Fig. 9G). This suggests that in this sample CO2 interacts first with the 
amine sites through chemisorption forming carbamates; only when the 
amine sites are saturated, CO2 is observed in gaseous form (without 
physisorption phenomena). Although weak, the band of carbamates is 
still visible after the outgassing step both in SiAl+APTES_7.5 and 
SiAl+APTES_22.5 samples (Fig. 9F-H).

For practical applications such as CO2 capture from flue gas, selective 
adsorption of CO2 over N2 is highly desirable. The Ideal Adsorption 
Solution Theory is a simple and widely used technique [44] to predict 
CO2/N2 selectivity based on the single-component gas adsorption results 
[19,44]. Thus, N2 adsorption isotherms at 25 ◦C were measured 
(Fig. 10A) and the IAST selectivity for a 0.15/0.85 CO2/N2 molar 
mixture was calculated (Fig. 10B).

For all materials, both functionalized and non-functionalized, the 
amount of N2 adsorbed was very low (below 0.03 mmol/g). For selected 
pressures, the ratio between the adsorbed amounts of CO₂ and N₂ was 
calculated and adjusted by multiplying by 0.85/0.15 (Eq.1), in order to 
mimic the typical flue gas composition (CO₂:N₂ = 15:85). The resulting 
values of IAST selectivity are reported in Fig. 10B. Among all tested 
samples, SiAl+APTES_22.5 shows a significantly higher CO2/N2 selec
tivity over the entire pressure range, likely due to its surface 
functionalization.

4. Discussion

After supercritical CO2 drying, monolithic aerogels containing silica, 
alumina, and functionalized with APTES were successfully obtained 

Fig. 3. High-resolution XPS spectra of N (A) and Al (B) of the samples with (SiAl+APTES) and without functionalization (SiAl).

Fig. 4. TGA (A) and dTG (B) of the samples with (SiAl+APTES) and without 
functionalization (SiAl).

Table 3 
Mass losses detected by TGA.

Sample Mass loss < 150 ◦C (%) Mass loss 150 ◦C to 800 ◦C (%)

SiAl 21 46
SiAl+APTES_2.5 10 20
SiAl+APTES_7.5 9 25
SiAl+APTES_22.5 9 33

Fig. 5. X-ray diffraction patterns at wide angles of the samples with 
(SiAl+APTES) and without functionalization (SiAl).
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(Figure S.1). FTIR and XPS analyses (Figs. 2 and 3B), in fact, confirm the 
presence of organic components (alkyl chains) and of nitrogen, which 
may be ascribed to the incorporation of APTES. The synthesis process 
was adapted to introduce the APTES molecules directly during the 
aerogel formation through a one-pot procedure, reducing the number of 
post-synthesis steps. To the authors’ knowledge, this is the first time that 
such a synthesis procedure is reported.

FTIR analyses underline the presence of organic moieties in all 
samples (including that without APTES, SiAl), suggesting that some of 
the precursor molecules (most probably ATSB) has not been completely 
hydrolysed during the synthesis. This phenomenon is also reported in 
the literature for similar precursors during the formation of titania 
aerogels [14]. This hypothesis is also supported by the high resolution 
XPS spectra of C (Figure S.2). A secondary component is observed 

Fig. 6. Nitrogen adsorption isotherms (A) and pore size distribution according to the BJH model (B) of the samples with (SiAl+APTES) and without functionali
zation (SiAl).

Table 4 
Textural properties, average apparent density, and average volume shrinkage upon drying of the samples with (SiAl+APTES) and without functionalization (SiAl) (std 
= standard deviation).

Sample Specific surface 
area (m2/g)

Pore volume (cm3/g) Average pore diameter (nm) Apparent density ± std (g/cm3) Average volume shrinkage ± std (%)

SiAl 870 3.0 15.6 0.16 ± 0.02 36 ± 3
SiAl+APTES_2.5 700 1.5 16.0 0.30 ± 0.05 40 ± 4
SiAl+APTES_7.5 880 2.5 20.4 0.12 ± 0.04 30 ± 9
SiAl+APTES_22.5 530 1.2 15.0 0.19 ± 0.02 27 ± 8

Fig. 7. CO2 adsorption isotherms at 25 ◦C of the samples without (SiAl, A) and with functionalization (SiAl+APTES, B-C-D).
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around 288 eV for the SiAl sample (arrow in Figure S.2). This signal is 
consistent with C-O and C––O bonds [44,45], which may arise from 
non-hydrolyzed precursors. Among the APTES-functionalized samples, 
this component is only visible for the material with the lowest APTES 
content, while it completely disappears in SiAl+APTES_7.5 and 
SiAl+APTES_22.5. The presence of organic residues is coherent with the 
significant mass loss registered above 150 ◦C by ATG in the SiAl sample 
(Fig. 4A) and the peak observed around 200 ◦C by dTG (Fig. 4B). 
Interestingly, the mass loss registered by ATG between 150 ◦C and 800 
◦C in the functionalized samples is lower than that observed in the 
sample as such (Fig. 4A) and no significant peaks are observed by dTG 
around 200 ◦C (Fig. 4B), suggesting that the organic content is lower in 
the samples with APTES. This result may be justified by the fact that in 
the samples with APTES, the time lapse between the addition of H2O and 
gelation is longer than in the SiAl sample, thus allowing a more complete 
hydrolysis of the precursor molecules to be obtained (consistently with 
what observed by FTIR). Indeed, a possible strategy to reduce the 
amount of organic residues may consist in adding the majority of H2O at 
the very beginning of the synthesis process (without changing the molar 
ratios), to increase the time available for the hydrolysis of the pre
cursors. Experiments in this sense are currently ongoing; however, the 
presence of organic residues may not be detrimental to the adsorption 
capacities of the samples.

The presence of organic residues unfortunately prevented an accu
rate quantification of the amine content from TGA analysis. Neverthe
less, an estimation can be obtained from the XPS results (Table 2). Using 
the data as collected, the amine content can be calculated as reported in 
the first column of Table 5 (expressed as mmol of amine per gram of 
silica). Assuming that the nitrogen detected in the SiAl sample is con
stant and not related to amine groups (but rather to the reagent NH4OH), 
a “corrected” nitrogen amount can be calculated by subtracting the N 
content of SiAl from that of the functionalized samples. In this way, a 
lower amine content is obtained, as shown in the second column of 
Table 5. Finally, the theoretical amine loading, based on the amount of 
reagents used, is reported in the third column of Table 5.

When comparing these values, the theoretical content for 
SiAl+APTES_2.5 and SiAl+APTES_7.5 falls between the two estimates 
derived from the XPS data. This suggests that nitrogen contamination is 
present in all samples, leading to an overestimation of the amine content 
when raw XPS data are used. However, since the N contamination is 
unlikely to be perfectly constant across all samples, the “corrected” XPS 
values may conversely underestimate the actual amine content.

In the case of SiAl+APTES_22.5, both XPS-derived values are 
significantly lower than the theoretical one, suggesting that at high 
APTES loadings not all the functionalizing agent is effectively included 
in the material, resulting in a lower-than-expected amine content.

All samples are amorphous (Fig. 5A), coherently with what expected 
for silica-based aerogels [46,45].

According to the nitrogen adsorption isotherms (Fig. 6A), all samples 
are mesoporous, with elevated specific surface area (between 530 m2/g 
and 880 m2/g), high pore volume (between 1.2 cm3/g and 3.0 cm3/g) 
and pores sizing mainly between 10 nm and 20 nm (Fig. 6B). A decrease 
in textural properties is observed in the sample with the highest APTES 
content. A clear explanation of this trend would require further inves
tigation, which is out of scope of the present work. However, it may be 
speculated that, when APTES is added during the one-pot functionali
zation, some amino groups are confined inside the silica network, while 
others are exposed inside the silica pores. When the amount of APTES is 
high, amino-groups are more likely to be exposed inside the pores, 
which results in a decrease of the surface area and pore volume values. 
For all samples the apparent density is equal or lower than 0.30 g/cm3 

(Table 4), confirming that the materials are highly porous. All these 
characteristics are coherent with those of aerogels apt to adsorb CO2.

In the samples functionalized with APTES, the presence of organic 
components (Fig. 2) can be attributable both to the alkyl chain of APTES 
and to the incomplete hydrolysis of the precursors. However, an un
questionable proof of the APTES incorporation is provided by the 
presence of amino groups, as observed by FTIR (Fig. 2) and XPS analyses 
(Fig. 3A). Interestingly, in the samples with the lowest APTES content 
(SiAl+APTES_2.5 and SiAl+APTES_7.5), N is mainly present in proton
ated form (which is unsuitable to interact with CO2), while in the sample 
with the highest APTES content (SiAl+APTES_22.5) N is mainly detected 
in deprotonated form, which is able to interact with CO2. This difference 
may justify the diverse behaviour of the samples in terms of CO2 
adsorption. At this stage, only hypotheses can be done on the source of 
protonation. Simulations reported in the literature suggest that amino 
groups of APTES grafted on silica could interact with free silanols 
through H bonds [47]. If this hypothesis is correct, the source of pro
tonation (i.e.: the silanols) is limited and it may be completely 
“consumed” when a sufficient amount of APTES is added. Therefore, any 
further addition of APTES cannot be protonated, justifying the presence 
of deprotonated N in the sample with the highest APTES content.

Indeed, as far as CO2 adsorption is concerned, negligible differences 
are observed in the total adsorbed amount between SiAl, 
SiAl+APTES_2.5, and SiAl+APTES_7.5 (Fig. 8), suggesting that func
tionalization with a low number of amino groups does not confer a 
discernible advantage at elevated partial pressures. However, the initial 
concavity of the curve of SiAl+APTES_7.5 reveals some affinity between 
the adsorbate and the surface; indeed, at low pressure this sample ad
sorbs more CO2 with respect to the other samples at equivalent partial 
pressures. A significantly higher adsorption capacity (both total and at 
low pressure) is observed for the SiAl+APTES_22.5 sample (Fig. 8). This 
is confirmed by the in situ FTIR results (Fig. 9): on SiAl and 
SiAl+APTES_2.5 samples only molecular CO2 is observed, indicating 
that pure physisorption takes place. Instead, on SiAl+APTES_7.5 and, 
even more, on SiAl+APTES_22.5 new bands due to the presence of 
carbamates appear even at low CO2 pressure. This is a sign that CO2 
interacts with these sorbents first and mainly through chemisorption. 
Taking into consideration XPS (Fig. 3A) and in situ FTIR results (Fig. 9), 
it can be hypothesized that in the samples with the lowest amine content 
the majority of the amino groups is in protonated form and, therefore, 
not active for CO2 capture. By increasing the amino content, in addition 
to the protonated part, non-protonated groups also appear. Precisely 
these last groups are those responsible for the preferential adsorption of 
CO2, which leads to the formation of carbamates. As far as the total 
adsorption capacity is concerned, it should be underlined that a com
parison with the literature is not trivial, because adsorption tests vary 
between one study and another. In particular, when samples are pre
pared, different temperatures and different outgas durations are re
ported. It should be kept in mind that different outgas conditions may 
have a significant influence on the adsorption results (higher tempera
tures and/or longer times of outgas may lead to better adsorption 
behaviour). Nevertheless, SiAl+APTES_22.5 presents a CO2 adsorption 
value in line with those reported in the literature for similar systems. 

Fig. 8. Comparison of the CO2 adsorption isotherms at 25 ◦C of the samples.
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Fig. 9. In situ FTIR difference spectra at increasing CO2 pressures for samples without (SiAl, A-B) and with functionalization (SiAl+APTES, C-D-E-F-G-H).
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Indeed, in their work Oliveira and co-authors [48] report the adsorption 
performance of several silica aerogels or mesoporous silicas function
alized with amino groups: in all cases, the amount of CO2 adsorbed is 
around 2 mmol/g. Higher values are obtained only when adsorption 
tests are performed at high pressure (from 10 bar to 120 bar). Another 
work, by Choi et al. [9], reports that amine-incorporated silica aerogels 
can adsorb 3.1 mmol/g of CO2. However, this value is obtained for a 
sample with an amine content more than double than those reported in 
the present study.

The sample with the highest amino content (SiAl+APTES_22.5) also 
presents the best performance in terms of selectivity (Fig. 10B). The high 
selectivity is mainly due to the highest affinity with CO2, both at low and 
high pressure (Fig. 10A). No relevant differences in selectivity, instead, 
are observed between the samples with lower CO2 content and the 
sample as such. Few selectivity data are available in the literature for 
similar systems. Nevertheless, when compared to an amine-incorporated 
silica aerogel with similar amine-content, SiAl+APTES_22.5 presents 
higher selectivity for a given pressure (e.g., at 400 mbar 
SiAl+APTES_22.5 has a selectivity of 950, while that reported in the 
literature is roughly equal to 600 [9]).

To conclude, this explorative work proves the feasibility of a one-pot 
procedure for synthesizing silica-alumina aerogels functionalized with 
amino groups. Such an approach guarantees an easy functionalization, 
efficient in terms of time (it avoids multiple steps) and resources (it does 
not require the use of additional solvents, heating…), which achieves a 
uniform distribution of the functional groups. The main disadvantages 
of the one-pot approach are that not all molecules are appropriate for 
this procedure and that the synthesis process should be optimized for 
each functional group. Therefore, to better evaluate the advantages and 
disadvantages of this technique, it may be useful, in the future, to 
compare these materials with post-synthesis-functionalized silica- 
alumina aerogels.

5. Conclusion

Monolithic silica-alumina aerogels functionalized with amino groups 

have effectively been prepared through a novel one-pot process followed 
by supercritical CO2 drying. Different amounts of amino groups were 
introduced by adding APTES during the sol-gel synthesis of the aerogels. 
The obtained samples present characteristics, in terms of textural 
properties and apparent density, which are consistent with those of 
aerogels and suitable for the capture of CO2. As suggested by the 
physico-chemical characterisation and CO2 adsorption tests, the lowest 
APTES content does not confer properties significantly different from 
those of the non-functionalized material. Above a certain threshold, 
however, the addition of APTES causes an increase in the affinity be
tween the sorbent and CO2, which interact both through chemi- and 
physi-sorption. At the highest APTES content, the differences become 
even more pronounced: not only the affinity increases, but also the total 
amount of adsorbed CO2 and the selectivity over N2. Overall, these re
sults confirm that silica-alumina aerogels functionalized with amino 
groups are a promising support for CO2 adsorption in the framework of 
developing more efficient CO2 capture technologies.
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Fig. 10. CO2 and N2 adsorption isotherms at 25 ◦C of the samples (A) and the resulting IAST selectivity on the whole pressure range analysed (B) and in a narrower 
range (inset in B).

Table 5 
Amine content of the functionalized samples according to XPS and theoretical 
data (mmol of ammine per gram of silica, mmol/g).

Sample Amine 
content from 
XPS 
(mmol/g)

Amine content from 
XPS ‘‘corrected’’ 
(mmol/g)

Theorical 
amine content 
(mmol/g)

SiAl+APTES_2.5 2.1 0.8 1.4
SiAl+APTES_7.5 4.7 3.2 4.2
SiAl+APTES_22.5 7.7 6.1 12.5
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