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A B S T R A C T

Ultralight organic-inorganic-crosslinked aerogels that are strong yet mechanically flexible and multifunctional 
are attractive for use in versatile applications. However, conventional resorcinol-formaldehyde (RF)-based aer
ogels are either strong or flexible while Si-based aerogels are brittle, and both have limited long-term practi
cability. Therefore, the fabrication of mechanically strong yet flexible RFSi-crosslinked aerogels containing S- 
functional groups (Si) obtained via a new synthetic route involving epoxy-thiol polymerization and necking 
enhancement is presented herein. Three hybrid RF-Si aerogels that are soft, mechanically strong, and mechan
ically strong yet flexible are possible according to the synthesis conditions and the amount of neck region 
enhancement. An epoxy-thiol-polymerized RF-Si aerogel using an ethanol supercritical drying (SCD) process (S- 
RFSi_SCD) possesses ultralow density (~0.050 g⋅cm− 3), excellent mechanical properties with 50 % reversible 
compression strain, excellent fatigue resistance, high compressive modulus (5.65 MPa), excellent room tem
perature thermal insulating property (0.026 W⋅m− 1 K− 1), and multifunctionality due to the presence of S- 
functional groups. Finite element simulations were employed to investigate the deformation behavior with neck 
enhancement. When used as an adsorbent, S-RFSi_SCD aerogel shows excellent Hg2+ adsorption (~699.3 mg/g) 
and acceptable methylene blue dye adsorption (~105.48 mg/g). This successfully applied novel synthetic 
approach efficiently provides mechanically strong yet flexible and multifunctional S-functionalized Polymer-Si- 
crosslinked aerogels addressing limitations of mechanical properties of RF (strong or flexible), and Si aerogel 
(brittleness). This advancement enhances the sustained viability and adaptability of aerogels for high- 
performance applications in various industries, including thermal insulation, flexible electronics, pollutant 
filtration, and medical devices.

1. Introduction

Aerogels with thermal insulating properties that are both robust and 
mechanically flexible are necessary for aerospace applications. Ceramic 
aerogels are appealing thermal insulation materials because of their low 
density, low thermal conductivity, and outstanding thermal stability. 

[1,2] However, because ceramics are brittle and have weak intergran
ular necking junctions, traditional ceramic aerogels made of oxide 
nanoparticles are often weak and brittle. [3,4] Although both polymer- 
crosslinking and fiber-reinforcement can provide ceramic aerogels with 
increased strength and deformability, the products can still be thermally 
unstable or prone to severe dust release, which makes them unsuitable 
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for use in real-world applications. [5–7] Many materials found in nature, 
such as silkworm cocoons, are lightweight, robust, resilient, and ther
mally insulating. [8] The silkworm cocoon's naturally developed high- 
strength yet flexible silk and its silk-assembled laminated microstruc
ture are credited with giving it such appealing features. [9,10]

The morphological characteristics of aerogels, such as a high pore 
volume, optimized void size, and porous solid walls, can bestow them 
with multifunctionality. This is because these features confine thermal 
conduction through gas voids and a dissipative path for heat transport 
through the low solid fraction under phonon scattering. Nevertheless, 
ceramic aerogels fall short of the high standards for building insulation 
materials since they are inherently brittle and have a tendency to lose 
their natural texture under compression. [11–13] Therefore, strong 
elasticity and excellent reversibility under mechanical stress are needed 
to prevent ceramic aerogels from breaking down in response to sub
stantial compressive pressure. [14] Although using organic polymers to 
provide crosslinking is one method of increasing the mechanical elas
ticity of ceramic aerogels, [15] the effectiveness of the latter as thermal 
insulators can be diminished by incorporating the former.

An Si-based aerogel created via a sol-gel process is made up of a 
fractal pearl necklace-like network in which the neck area between 
secondary particles serves as building blocks, [16,17] thereby imparting 
fragility to the aerogel skeletal structure. The neck region, which is 
formed by the agglomeration of particles during the gelation process 
followed by aging, [18] can be strengthened by the dissolution and 
precipitation of Si within the aerogel network during the aging period. 
This improves the mechanical strength of the resulting aerogel but no 
other possible parameters of interest. However, pristine Si aerogels 
comprising continuous Si-O-Si chains lack a degree of motion, thereby 
making them incapable of exhibiting elastoplastic deformability. 
[19,20] To solve this issue, many researchers have focused on the syn
thesis of Si aerogels using organosiloxanes containing a varying number 
of alkyl groups, [21–23] which provides a degree of deformability 
without changing the mechanical strength. [23] Nanofibrous aerogels 
are soft but flexible and effectively avoid point-to-point contact between 
secondary particles. [24] Those synthesized using nanoscale fibers have 
demonstrated good deformability with a high degree of freedom of 
motion. [25,26] An et al. [6] reported the fabrication of a recoverable 
flexible aerogel with an anisotropic layered structure via in situ cross
linking that provided excellent mechanical flexibility.

Lightweight aerogels with a high surface area, low density, and 
interconnected pores can be ideal for the adsorption of pollutants from 
industrial wastewater. [27–30] Resorcinol-formaldehyde (RF) aerogels 
have been recognized as good adsorbents for heavy metal ion (HMI) 
adsorption due to their outstanding adsorption properties. [31,32] 
Various strategies, such as amine modification and forming composite 
between graphene and Si aerogels, have been used to improve the 
adsorption properties of RF aerogels. [33–38] Recently, RF aerogels 
have been combined with other metal-based aerogels and nanofibers to 
improve their functionality. [39–41] Although composite RFSi aerogels 
research has gained much impetus due to the exceptional adsorption 
properties and high functionality of Si, most of them are either hard or 
flexible. [37,42] Hence, there is a need to produce RF-Si-crosslinked 
aerogels that are both rigid and flexible, thereby providing 
multifunctionality.

Conventional epoxy–silica hybrid aerogels typically rely on post- 
gelation epoxy crosslinking or surface grafting reactions, which often 
yield brittle networks with limited mechanical compliance [43–45]. In 
contrast, the present work introduces an in situ-catalyzed epoxy–thiol 
polymerization approach that promotes simultaneous neck formation 
and interparticle crosslinking during gelation. This reaction pathway 
generates thick, covalently reinforced silica necks that bridge adjacent 
particles, thereby combining high stiffness with exceptional flexibility. 
Unlike previously reported epoxy–silica systems, where organic do
mains mainly coat or bridge silica surfaces, our method induces necking 
enhancement directly within the inorganic framework, yielding a more 

continuous and mechanically robust hybrid network [46,47]. This 
strategy enables the fabrication of strong yet mechanically flexible 
aerogels without compromising porosity or transparency. Herein, we 
report the fabrication of a thick-necked RF-Si-crosslinked aerogel using 
epoxy-thiol polymerization that demonstrates high thermal insulation, 
and mechanical resilience and flexibility under compressive deforma
tion. Reversible compressibility, ductile and tensile deformation, as well 
as recoverable bendability and buckling deformation were all displayed 
by the neck-enhanced RF-Si-crosslinked aerogel. Moreover, it exhibited 
a 10-fold higher load-bearing capacity under various deformation de
grees than other resilient ceramic aerogels, [6,14] and it was capable of 
both HMI and methylene blue (MB) dye removal. Fig. 1 presents sche
matic illustration of the proposed structural mechanism in RF-Si aero
gels. Fig. 1 (a) shows conventional RFSi aerogels with thin neck 
connections between silica and RF domains, leading to fragile frame
works; and Fig. 1(b) shows epoxy–thiol crosslinked RF-Si aerogels with 
thick neck junctions, providing enhanced crosslinking density, 
improved mechanical stability, and better resistance to pore collapse.

2. Experimental

2.1. Materials

Resorcinol (ACS reagent, 99 %), Formaldehyde solution (ACS re
agent, 37 % in H2O), GPTMS (C9H20O5Si; 98 %) and MPTMS (HS 
(CH2)3Si(OCH3)3; 95 %) were purchased from Sigma–Aldrich, South 
Korea. Solvents such as ethanol (EtOH), and isopropanol (IPA), were 
obtained from Duksan chemicals (South Korea). Double distilled (DI) 
water was used in all the synthesis experiments. All chemicals were used 
as received without further purification.

2.2. Synthesis of RFSi-crosslinked aerogels

Both in situ epoxy-thiol polymerization and a sol-gel process were 
used to synthesize RFSi-crosslinked aerogels based on previous reports. 
[29,48] The RF and GPTMS-MPTMS ratios were fixed at 1:2 and 1:1, 
respectively, and the EtOH/water mixture was used as the solvent sys
tem. The RF and GPTMS-MPTMS mixtures with appropriate amounts of 
water and EtOH were stirred separately to obtain a homogeneous sol. 
The RF precursor sol was synthesized by stirring in water/EtOH solvent. 
Afterward, the two sols were mixed and stirred for 1 h to obtain a ho
mogenous RF-crosslinked GPTMS-MPTMS sol via in situ crosslinking 
and a sol-gel reaction. The homogeneous RF/GPTMS-MPTMS sol was 
transferred to a glass vial that was closed tightly and kept at 60 ◦C to 
proceed gelation. Without an external catalyst, gelation took around 3 h; 
water present in the sol induced hydrolysis and condensation, whereby 
an RF-Si-crosslinked alcogel was obtained. After aging and a solvent 
exchange process, ESCD under an N2 atmosphere was used to extract the 
EtOH and obtain S-RFGM_SCD aerogels or APD was used to obtain S- 
RFGM_APD xerogels. For comparison with the S-RFGM-based aerogels, 
N-functionalized RF/SiO2 (N-RFSi_SCD) was synthesized by using a 
previously reported method. [49] The N-RFSi_SCD was used for com
parison with present aerogels. We used two different alcohols (EtOH or 
IPA) with water; the details of the optimization data for EtOH/water and 
IPA/water solvent systems can be found in the Supporting Information.

2.3. Characterizations

Several characterization techniques were used to examine the 
morphological, structural, physical, and mechanical properties of the 
produced aerogels. To examine their chemical structures, FTIR spec
troscopy was carried out at wavelengths from 400 to 4000 cm− 1 using a 
PerkinElmer 1760× spectrophotometer. TGA was conducted on an SDT 
2960 instrument (TA Instruments, USA) at a heating rate of 10 ◦C/min to 
determine their decomposition temperatures. Field emission SEM (JSM- 
7001F, JEOL, Japan) was used to image their microstructures. N2 
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adsorption-desorption isotherm data were obtained using a surface area 
analyzer and Quantachrome Instruments v10.0 was utilized to compute 
the surface area, pore volume, and pore size of the aerogels by utilizing 
the Brunauer–Emmett–Teller (BET) and Barett–Joyner–Halenda (BJH) 
techniques. To study the surface electronic states of the aerogels, XPS 
was performed using a monochromatic Al X-ray source (Al Kα line: 
1486.6 eV, 3 mA, and 12 kV) and a K-alpha spectrometer (Thermo VG, 
UK). Uniaxial compression testing was performed on the prepared aer
ogels to evaluate their mechanical characteristics (out–05D, Oriental 
TM Corp., Korea). The details regarding batch adsorption experiments 
are provided in Supplementary Sections S1–S3.

3. Results and discussion

3.1. Synthesis and physical properties of RF-Si aerogels

It is necessary to adopt a suitable crosslinker and Si precursor to 

provide robust monolithic RF-Si aerogels with a high elastic modulus 
value. A facile in situ epoxy-thiol polymerization and sol-gel process was 
used to produce a thick-necked microstructure therein. Fig. 2 presents a 
schematic for the synthesis of an S-RFSi_SCD aerogel using an ethanol 
(EtOH) supercritical drying (ESCD) process. Meanwhile, Fig. S1 illus
trates the formation mechanism for the RFSi-crosslinked aerogels using 
the in-situ crosslinking method. First, Si precursors 3-glycidyloxypropyl
trimethoxysilane (GPTMS; C9H20O5Si) and MPTMS ((3-mercaptopropyl) 
trimethoxysilane; HS(CH2)3Si(OCH3)3) were dissolved in a solvent 
mixture of water/EtOH, as were resorcinol and formaldehyde in a 
separate solution. After 1 h, both solutions were mixed and stirred for 1 
h. The epoxy-thiol groups present in GPTMS and MPTMS proceeded the 
polymerization, and at the same time, resorcinol and formaldehyde 
underwent hydrolysis and condensation. The RFSi aerogels were ob
tained after drying the aged gels via ESCD. The obtained RFSi aerogels 
were not only mechanically strong but also flexible, making them an 
interesting material for various applications where both properties are 

Fig. 1. Schematic mechanism of (a) conventional thin neck fragile aerogel and (b) epoxy-thiol crosslinked thick neck strong yet flexible aerogel.

Fig. 2. A schematic presentation of the synthesis of S-RFSi aerogels using ESCD.
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necessary in one material. The visible appearance of S-RFSi_SCD can be 
clearly observed in the images in Fig. S2.

The physical and textural properties of the RFSi aerogels prepared in 
EtOH/Water and isopropyl alcohol (IPA) /water solvent systems are 
provided in Table S1. The bulk density values for the S-RFSi_SCD, S- 
RFSi_APD (prepared by using ambient pressure drying (APD)), and N- 
functionalized RF/silicon dioxide (SiO2) (N-RFSi_SCD; prepared by 
using SCD) aerogels reported in Table 1 were 0.050, 0.704, and 0.035 g/ 
cm3, respectively. In addition, their porosity values calculated using Eq. 
(1) were 96.10 %, 60.43 %, and 98.89 %, respectively, which are 
consistent with their bulk density values. It was found that S-RFSi_SCD 
had a higher density and a lower porosity than N-RFSi_SCD prepared via 
the traditional method. Moreover, the handling of the latter was difficult 
due to its soft and fragile nature. Although the bulk density and porosity 
values of S-RFSi_SCD and S-RFSi_APD were similar, the latter is more 
convenient for industrial applications. The thermal conductivity of S- 
RFSi_ SCD was around 0.026 W.m− 1 K− 1, which is lower than other 
flexible aerogels. [6,50,51] This thermal conductivity value is compa
rable to that of still air at ambient temperature and pressure conditions. 
About half of this value (~0.012 W.m− 1 K− 1) can be achieved in con
ventional silica aerogels with optimized low thermal conductivity, 
indicating that the sick-neck morphology increases the thermal con
duction contribution due to the solid aerogel's nanoparticle network 
[52]. Furthermore, the solid content and morphology of nanoparticle 
networks can be optimized for desired simultaneous thermal insulation 
and mechanical properties.

3.2. FTIR, TGA, and XPS analysis results

The double crosslinking approach with the sol-gel process impacted 
the physical, morphological, and mechanical properties of the RFSi 
aerogels but not the chemical bonding within them. FTIR spectra for the 
S-RFSi_APD, S-RFSi_SCD, and N-RFSi_SCD aerogels are presented in 
Fig. 3(a). In addition, FTIR spectra for S-functionalized RF/GPTMS- 
MPTMS aerogels synthesized in EtOH/water (S-RFGME) and IPA/ 
water (S-RFGMI) solvent systems are presented in Fig. S3. The FTIR 
spectra in Fig. 3(a) show similar stretching and bending vibrations, 
except for C–O bond vibration at 1287 cm− 1, [39] and the Si–O and 
Si–C peaks observed at 1080 and 1455 cm− 1, respectively, indicating 
the formation of RFSi-crosslinked aerogels. [39] C–H vibrations were 
confirmed by peaks appearing at 1455 and 2926 cm− 1. [40] The hy
drophilic character of the produced RFSi aerogels was confirmed by the 
presence of O–H groups at 1614 and 3341 cm− 1. [53] Moreover, 
GPTMS and MPTMS crosslinking was confirmed by peaks at 1721, 904, 
and 697 cm− 1 assigned to C––O, C–S, and S–O, respectively. [39] The 
FTIR results indicate that epoxy-thiol crosslinking and the sol-gel pro
cedure were responsible for the formation of the double-crosslinked RF- 
Si aerogels.

Fig. 3(b) shows TGA thermograms for S-RFSi_APD, S-RFSi_SCD, and 
N-RFSi_SCD under airflow. In addition, the TGA profiles for S_RFSi 
aerogels optimized using EtOH/water and IPA/water solvent systems 
are provided in Fig. S4, and the decomposition temperature and weight 
loss at 300 ◦C and 800 ◦C are reported in Table S2. All of the samples 
showed 4–7 % weight loss at 300 ◦C under N2 and air atmospheres. 
However, the weight loss at 800 ◦C under both atmospheres was around 

40 % and 80 %, respectively. This indicates that the char yield due to the 
carbonization of RF in the presence of Si under an N2 atmosphere was 
around 60 %, while that under an oxygen atmosphere was ~20 %, 
representing the Si in the RF-Si aerogels. [54] The thermograms in Fig. 3
(b) indicate that the S-RFSi_SCD and N-RFSi_SCD samples decomposed 
in one step from 284 to 627 ◦C and 284 to 693 ◦C, respectively. How
ever, the decomposition of the S-RFSi_APD sample was in two steps: 100 
to 235 ◦C and 235 to 627 ◦C. Moreover, 16.17 %, 20.15 %, and 40.33 % 
of thermally stable char residue were formed after the decomposition of 
S-RFSi_APD, S-RFSi_SCD, and N-RFSi_SCD, respectively. The TGA anal
ysis results reveal that the RF polymer completely decomposed under an 
air atmosphere and the residual weight corresponded to the presence of 
Si after decomposition of the samples. Thus, the three samples show 
good thermal stability due to Si-crosslinking. The N-RFSi_SCD sample 
with an Si network of higher than 40 % showed good thermal stability, 
which was due to the higher amounts of Si precursors used during its 
synthesis.

The N2 adsorption-desorption isotherms and pore-size distributions 
obtained using the BJH method are displayed in Fig. 3(c) and 3(d), 
respectively. The calculated BET specific surface areas for the S- 
RFSi_APD, S-RFSi_SCD, and N-RFSi_SCD samples were 185.2, 307.2, and 
391.5 m2 g− 1, respectively. The S-RFSi_APD sample contained only 
mesopores with an average BJH pore diameter of ~13 nm. However, S- 
RFSi_SCD contained micro-, meso-, and macropores with an average 
pore diameter of 15.62 nm while N-RFSi_SCD contained many micro
pores with an average pore size of 1.53 nm. Moreover, S-RFSi_SCD had a 
lower specific surface area than N-RFSi_SCD, likely due to the two Si co- 
precursors (GPTMS and MPTMS) used in the synthesis of the former. The 
average pore volumes determined by using the BJH approach and N2 can 
only be used to identify microporous and mesoporous structures: the 
average pore volumes for S-RFSi_APD (meso), S-RFSi_SCD (micro and 
meso), and N-RFSi_SCD (micro and meso) were 0.606, 1.200, and 2.664 
cm3/g, respectively (Fig. 3(b)).

3.3. Morphological and BET surface area analyses

SEM images of the S-RFSi_APD, S-RFSi_SCD, and N-RFSi_SCD sam
ples shows that they contain highly porous 3D networks. The SEM image 
of the S-RFSi_APD in Fig. 4(a) reveals the aggregation of dense colloidal 
RF-Si-crosslinked particles linked together, which is consistent with the 
density and porosity measurements (Table 1). The highly porous 3D 
networks in both the S-RFSi_SCD and N-RFSi_SCD samples contained 
fibril-like connections between the RF-Si colloidal particles tens of 
nanometers in size (Fig. 4(b) and 4(c)). The S-RFSi_SCD sample con
tained a few micropores and macropores, and many mesopores (Fig. 4
(b)). However, the N-RFSi_SCD sample contained more micropores than 
mesopores and/or macropores, along with agglomeration in some parts. 
Thus, the hierarchical porous network in S-RFSi_SCD can be effectively 
used in versatile applications. In addition, the SEM morphologies for 
S_RFSi aerogels synthesized using the EtOH/water and IPA/water sol
vent systems are provided in Fig. S5. The SEM results are consistent with 
the BET surface area and BJH pore-size distribution measurements. 
Microstructural differences between the S-RFSi_APD, S-RFSi_SCD, and 
N-RFSi_SCD samples were clarified by using TEM. The TEM images in 
Fig. 4(d) and 4(e) reveal that the S-RFSi_APD sample showed 

Table 1 
Physical and textural properties of the RF-Si-crosslinked aerogels.

Sample Bulk density (g. 
cm− 3)

Skeletal 
density 
(g.cm− 3)

Porosity 
(%)

BET surface area (m2. 
g− 1)

Pore volume (cm3. 
g− 1)

Average Pore diameter 
(nm)

Thermal 
conductivity 
(W⋅m− 1 K− 1)

S-RFSi_APD 0.704 1.78 60.43 185.2 0.606 13.09 0.050
S-RFSi_SCD 0.050 1.28 96.10 307.2 1.200 15.62 0.026
N- 

RFSi_SCD
0.035 3.17 98.89 391.5 2.664 1.53 0.025
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agglomeration and S-RFSi_SCD contains many mesopores (Fig. 4(d)) 
whereas the N-RFSi_SCD sample had more meso- and micropores (Fig. 4
(e)).

Fig. 4 (g-i) provides high-resolution TEM images for S-RFSi_APD, S- 
RFSi_SCD, and N-RFSi_SCD; S-RFSi_APD contained agglomerates of RF- 
Si nanoparticles with thick necking, which agrees with its physical 
and morphological properties (Fig. 4(i)). N-RFSi_SCD contained thin and 
disordered necking with a thickness of 27.8 ± 2.1 nm and a length of 34 
nm (Fig. 4(i)); there were no distinguishable connections in the two 
necking regions, which makes it softer and is consistent with the density 
and porosity values. However, S-RFSi_SCD displayed thick and ordered 
necking with an average thickness of 41.7 ± 3.2 nm and a length of 83.4 
nm (Fig. 4(h)); these improvements in necking thickness and length are 
due to the epoxy-thiol polymerized GPTMS and MPTMS chains and 
crosslinking by the RF polymer.

The gelation time for the S-RFSi_SCD aerogel was slower than that of 
the N-RFSi_SCD aerogel (~3 h vs. ~1 h), which could have helped 
strengthen the network via necking enhancement. [18,55] In fact, the 
increases in the length and thickness of the necking region comprising a 
semi-fibril network could have improved the strength and mechanical 
flexibility of the aerogel. [56,57] Moreover, the predominant addition 
reactions could have increased the connection points in the network 
with thick necking.

The EDS elemental mapping data for S-RFSi_SCD, S-RFSi_APD, and 
N-RFSi_SCD samples in Figs. S6, S7, and S8, respectively, confirmed that 
S-RFSi_SCD and S-RFSi_APD contained C, O, Si, and S whereas N- 
RFSi_SCD contained C, O, Si, and N. All of the elements were uniformly 
distributed, thereby confirming the strong crosslinking in the Si and 

polymerized RF network.

3.4. Mechanical properties

The mechanical performances of the prepared S-RFSi_SCD, S- 
RFSi_APD, and N-RFSi_SCD samples were measured using a universal 
test machine (UTM); their compressive stress-strain curves at a loading 
rate of 0.5 mm min− 1 are presented in Fig. 5(a). The differences in 
compressive stress–strain behavior among S-RFSi_SCD, S-RFSi_APD, and 
N-RFSi_SCD are likely related mainly to the geometry of their necking 
regions, which control stress distribution and deformation capacity. In 
S-RFSi_SCD, the necks are both thick and relatively long, providing a 
large load-bearing area to enhance compressive modulus and maximum 
stress while allowing bending and deflection for good flexibility, 
resulting in a strong yet ductile response. In contrast, S-RFSi_APD pos
sesses thick but short necks, which efficiently resist stress and yield high 
modulus and maximum stress but limit strain accommodation, leading 
to a stronger but more brittle structure. By comparison, N-RFSi_SCD has 
thin necks that act as stress concentrators, promoting early buckling or 
fracture and producing low compressive modulus and maximum stress, 
making it mechanically the weakest. Fig. 5(b) illustrates that the S- 
RFSi_SCD aerogel exhibited strong reversible compressibility as it could 
rebound to almost its original size after being squeezed by 10 % to 50 % 
strain, as has been reported for several lightweight ceramic aerogels. 
[18,19,58,59] The compressive modulus and maximum stress for S- 
RFSi-SCD aerogel calculated from the initial linear stage are approxi
mately 5.65 and 1.8 MPa, respectively.

The S-RFSi_SCD aerogel showed high fatigue resistance under 

Fig. 3. (a) FTIR spectra, (b) TGA profiles, (c) N2 adsorption-desorption profiles and (d) BJH pore volume data for the S-RFSi_SCD, S-RFSi_APD, and N- 
RFSi_SCD aerogels.
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Fig. 4. (a–c) SEM and (d-f) TEM images of S-RFSi_APD, S-RFSi_SCD, and N-RFSi_SCD aerogels. Meso-, and macropores are indicated by the arrows. TEM images of the 
necking connections in the (g) S-RFSi_APD, (h) S-RFSi_SCD, and (i) N-RFSi_SCD aerogels. The neck regions are indicated by yellow and red dotted lines.

Fig. 5. (a) Compressive stress-strain curves for the S-RFSi_APD, S-RFSi_SCD, N-RFSi_SCD aerogels. Investigation of other mechanical properties of the S-RFSi_SCD 
aerogel: (b) consecutive compressive stress-strain curves from 10 % to 50 % strain, (c) cyclic compressive fatigue testing under 50 % constant strain, (d) maximum 
compressive stress during 100 fatigue cyclic tests (e) maximum energy loss coefficient during 100 fatigue cyclic tests, and (f) comparison with the reported 
compressive modulus values for other hybrid RFSi-based aerogels.

V.G. Parale et al.                                                                                                                                                                                                                               Chemical Engineering Journal 525 (2025) 170739 

6 



compression. The stress-strain curves of the aerogel during 100-cycle 
fatigue tests at a fixed strain of 50 % are displayed in Fig. 5(c); there 
was no lasting deformation within the first 25 cycles while persistent 
strain of around 7 % was observed after 50 cycles and same behaviour 
observed for maximum stress (Fig. 5(d)). The S-RFSi_SCD aerogel dis
played a high mechanical energy loss coefficient of 0.9 in the first cycle 
of loading and unloading, which then remained constant at around 0.4 
after 50 cycles (Fig. 5(e)). This suggests effective mechanical energy 
dissipation and thus good mechanical impact resistance. The compres
sive modulus value for S-RFSi_SCD is better than those reported for other 
RF-Si composite aerogels. We found that traditional (3-aminopropyl) 
triethoxysilane (APTES)-catalyzed hybrid RFSi aerogels attained a 
compressive modulus of 0.15 MPa (Fig. 5(f)), which is 34-fold lower 
than S-RFSi_SCD. Thus, there are differences between the mechanical 
properties of S-RFSi_SCD and previously reported RF‑silicon dioxide 
(SiO2) aerogels, [42,54,60–62] with the former showing higher stiffness 
and load-bearing capacity (supplementary table S3). The improved 
mechanical properties of the S-RFSi_SCD aerogel are due to the necking 
thickness enhancement. Images of the compression and recovery process 
for S-RFSi_SCD are presented in Fig. S9 while the possible changes 
therein during uniaxial compression are presented in Fig. S10. These 
results prove that the mechanical flexibility and strength of S-RFSi_SCD 
are due to the epoxy-thiol polymer network and RFSi network.

The S-RFSi_SCD sample shows better mechanical properties than the 
S-RFSi_APD and N-RFSi_SCD samples due to having longer and thicker 
necking. Wu et al. [63] reported a phenolic aerogel with a thick united 
nanostructure and excellent mechanical strength, supported by con
ducting a finite element analysis (FEA). Unlike the pearl necklace-like 
network in typical RF aerogels, that in our hybrid RFSi aerogel com
prises long and thick necks. In general, connected necks can be gener
ated via condensation of an organic precursor and grown by the 
dissolution-reprecipitation of polymer agglomerates during aging of 
the gel. In the present study, the creation of a thick-necked network with 
long necking connections was aided by the slow polymerization of RF 
and GPTMS-MPTMS in a double-distilled (DD) water and EtOH mixture, 
which further provided mechanical strength as well as flexibility.

3.5. Neck dimensions of RFSi aerogels

It has been reported that the aerogels derived from a high RF con
centration are physically stiffer whereas ones derived from a higher Si 
precursor concentration are softer. [47,63] In the present work, N- 
RFSi_SCD contained lower concentrations of RF and APTES than GPTMS 
and MPTMS in S-RFSi_SCD. Hence, as seen in the TEM images, the 
network in N-RFSi_SCD was more disordered than that in S-RFSi_SCD 
with long thick necking. It has long been known in sol-gel science that 
during the aging process, regions with high curvature (i.e., the concave 
topography defining the necks between two covalently bonded nano
particles) are susceptible to selective precipitation. [64,65] This 
thickens the region and increases the post-gelation strength of the net
worked porous solid. The necking enhancement was consistent with the 
growth of the N-RFSi_SCD and S-RFSi_SCD aerogels in that region, which 
provided them with better mechanical strength while retaining 
flexibility.

The mechanical properties of aerogels are significanty influenced by 
morphology and pore connectivity. The three distinct phenomena were 
observed in the prepared RFSi aerogels with changing crosslinking pa
rameters and drying method. The schematic presentation for necking 
dimensions of N-RFSi_SCD, S-RFSi_APD, S-RFSi_SCD, aerogels have been 
provided in Fig. S11. According to necking arrangements in TEM 
(Fig. 4), the obtained aerogels possess thin and disordered necking (N- 
RFSi_SCD), thick and ordered necking (S-RFSi_SCD), and thick and 
agglomerated necking (S-RFSi_APD). The N-RFSi_SCD aerogels consists 
low density, high porosity with weak and sparse necking connections, 
resulting in the lack of uneven stress distribution. This weak necking 
arrnagments resulted in poor mechanical strength and brittle behavior. 

The S-RFSi_APD aerogel irregular necking with agglomerated particles, 
increasing the mechanical strength of aerogels. However, S-RFSi_SCD 
aerogel withstands at mechanical stress due to thick and ordered neck 
arrangements, leading to mechanically strong yet flexible nature.

4. Finite element analysis

4.1. The FEA model

FEA simulations were carried out to better understand the properties 
of the S-RFSi_SCD aerogel. A representative section of the aerogel shown 
in Fig. 6(a) was reproduced to understand how the compressive prop
erties of the aerogel are affected by the neck radius (n) and interparticle 
chemical reaction area (d). The mechanical properties of aerogel pore 
walls differed significantly in string-of-pearls and a constant cross- 
section model. This is because the former, which more accurately re
flects the structure of aerogels, introduces variations in the cross-section 
of the pore walls, specifically at the interparticle necks. The unit cell had 
an RF/Si particle radius of 22.5 nm. The Young's modulus of the RF/Si 
nanoparticles was 70 GPa with a Poisson ratio of 0.19, while those for 
the epoxy-thiol crosslinking reaction were 0.5 GPa and 0.3, respectively. 
The system was composed of 3 nanoparticles and two epoxy-thiol re
action areas (Fig. 6(b)). The FEA model was used to study the buckling 
behavior of pore walls designed with varying neck sizes started by 
varying their radius (p) from 5 to 100 nm (Fig. 6(b)). The distance be
tween the Si particles (d) was varied from 0.5 to 7.5 nm.

The buckling analysis was performed using ANSYS Parametric 
Design Language (APDL). Boundary conditions were applied to fix all 
degrees of freedom at one end of the RF/Si nanoparticle, while a 
compressive force was applied at the other end. First, a static analysis 
was conducted to establish the initial stress state under the applied load. 
This was followed by a linear perturbation buckling analysis to deter
mine the critical buckling load and the corresponding mode shapes. The 
buckling analysis involved restarting the static analysis and performing 
a perturbation analysis to solve for the buckling modes. The results of 
the analysis included the critical buckling load, which indicates the load 
at which 3 RF/Si nanoparticles are expected to buckle, and the mode 
shapes, which show the deformation pattern of the beam at buckling. In 
addition, the maximum displacement at the node with the highest value 
was used to calculate the strain in the applied load region. The effect of 
fillet radius on the Von Mises stress is provided in Fig. 6 (c), resulting in 
the increase of neck region can enhances the applied stress.

4.2. Influence of neck size on critical buckling load

Simulations were carried out by varying the neck radius while 
keeping the distance between the RF/Si nanoparticles constant. The 
results show that as the neck size increased in a pearl-necklace-like pore 
wall, the critical buckling load also increased as shown in supplementary 
Fig. S12. This relationship is due to the impact of neck size on stress 
concentration and the overall stability of the pore wall. When the necks 
between the particles are small, they act as stress concentrators, mean
ing that the stress at these points is significantly higher than in the 
surrounding material. This higher stress concentration makes the pore 
wall more susceptible to buckling at lower loads. As the neck size 
increased, the stress concentration effect diminished. This is because a 
larger contact area between the particles enabled a more even distri
bution of stress, thereby increasing the pore wall's resistance to buck
ling. As the neck size approaches the particle radius, the pore wall 
essentially behaves like a continuous beam with a constant cross- 
section. Analyzing the compressive strain defined as displacement at 
the load location divided by the overall length of the 3-particle system, it 
can be observed that as the neck radius increased (as a function of p), the 
strain increased. This is because more flexibility is provided by the 
epoxy-thiol crosslinking reaction and a small radius enables the RF/Si 
nanoparticles to be in contact with each other, thereby reducing the 
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maximum strain.

4.3. Influence of interparticle distance on the critical buckling load

The modeling was also carried out for a constant neck radius while 
varying the gap between the RF/Si nanoparticles to simulate the epoxy- 
thiol crosslinking reaction presented in supplementary Fig. S13. The 
results show that as the gap was increased, there was a nonlinear rela
tionship between the gap of the buckling load. Similar behavior was 
experienced under normalized strain: the higher the gap between the 
nanoparticles, the lower the buckling load or the maximum strain. When 
the gap between the particles is small, fewer epoxy-thiol crosslinks are 
present, meaning that the load is mainly absorbed by the RF/Si nano
particles and the buckling load is significantly higher when more epoxy- 
thiol crosslinks are present. The gap acts as a softening mechanism that 
makes the pore wall more susceptible to buckling at lower loads or 
adding more ductility to the aerogel. This analysis offers a potential 
explanation for the properties observed in the manufactured S-RFSi_SCD 
aerogel.

The TEM-measured neck diameter (41.7 nm, radius ≈ 20.9 nm) lies 
within the simulated neck radius range (5–100 nm), confirming that the 
model parameters are representative of the experimental system. 

Supplementary Fig. S14 shows a clear positive correlation between neck 
radius and compressive modulus. Specifically, the S-RFSi_SCD sample, 
with a neck thickness of ~41.7 nm, exhibited the highest compressive 
modulus (5.65 MPa), whereas samples with smaller neck radii showed 
proportionally lower moduli. The neck enhancement is governed by the 
epoxy–thiol crosslinking density and the MPTMS/epoxy precursor ratio. 
Increasing thiol content promotes localized polymer growth at particle 
junctions, leading to thicker necks and enhanced load transfer 
efficiency.

5. Water-treatment applications

5.1. Mercury (Hg2+) removal

The developed S-RFSi aerogel's capacity to adsorb HMIs was sys
tematically evaluated. The pH value is critical to the adsorption of HMIs 
because it affects both the degree of ionization of HMIs and the adsor
bate's capacity to adsorb them. To determine the optimized pH value, 
the zeta potential was measured at different pH values (3− 12), the 
outcome of which is presented in Fig. 7(a). At the highest pH of 12, the 
aerogel had a low negative zeta potential because the thiol groups 
therein produced negative surface charges. The comparative analysis for 

Fig. 6. FEA simulation results for the S-RFSi_SCD aerogel: (a) a three-particle system modeled under compressive loading and (b) a three-RF-Si nanoparticle system 
within the epoxy/thiol neck area under compressive loading, and (c) Von Mises Stress as a function of Fillet radius.

Fig. 7. (a) Zeta potentials at various pH values and (b) the removal of various HMIs by the S-RFSi_SCD aerogel at ambient temperature.
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Hg removal by S-RFSi_SCD, S-RFSi_APD, and N-RFSi_SCD aerogels is 
provided in supplementary Fig. S15. The S-RFSi_SCD aerogel shows 
higher Hg adsorption than S-RFSi-APD and N-RFSI_SCD aerogels. 
Furthermore, the removal percentages for various HMIs by the S-RFSi 
aerogels are shown in Fig. 7(b); it was found that the S-RFSi aerogel 
could adsorb large amounts of Pd2+ and Hg2+ ions. Hg2+ is heavier than 
Pd2+, so we concentrated on the removal study of the former. The S- 
RFSi_SCD sample showed very effective removal of Hg2+ (99 %). Several 
other materials, including activated carbon, thiol-functionalized Si, ze
olites, and metal-organic frameworks, have been reported to be capable 
of selective Hg adsorption (Table 2). It is crucial to produce an adsorbent 
with high efficiency and selectivity for Hg removal. The S-RFSi_SCD 
aerogel's S-functional groups and hierarchical pores together with its 
excellent physical and chemical properties enable its great adsorption 
efficiency and selectivity for Hg2+ ions.

Fig. 8(a) shows the calculated percentage removal and the adsorp
tion capacity at equilibrium (qe) for Hg2+ adsorption using 10–100 mg S- 
RFSi_SCD adsorbent. The starting Hg2+ ion concentration and pH for this 
experiment were 100 mg/L and 7, respectively. As the dose of the 
adsorbent was increased from 5 to 25 mg, a steady drop in Hg2+

adsorption efficiency was observed, ranging from 970.28 to 198.76 mg/ 
g. The observed decrease in adsorption capacity per unit mass (qe) with 
increasing adsorbent dose primarily reflects an equilibrium/mass- 
balance effect rather than loss of intrinsic adsorption activity. A mass- 
balance calculation in supplementary section S4 shows that the abso
lute mass of Hg removed is essentially constant (≈4.85 mg for 5 mg 
adsorbent and ≈4.97 mg for 25 mg adsorbent); increasing the adsorbent 
mass therefore reduces qe because the same quantity of Hg is shared over 
more adsorbent. Nevertheless, physico-chemical factors such as particle 
aggregation at higher solid loadings which can reduce accessible surface 
area and pore accessibility may further reduce the effective uptake per 
gram.

In addition, utilizing 5 mg of aerogel adsorbent resulted in the 
maximum adsorption capability for Hg2+ (970.28 mg/g) (Fig. 8 (a)). 
Therefore, 5 mg of S-RFSi_SCD aerogel adsorbent was the optimal dose 
for maximizing the removal of Hg2+. One way to determine the con
centration of cationic metal species is to measure the pH of the solution. 
The impact of changing the pH level on Hg2+ adsorption can be seen in 
Fig. 8(b). In addition, pH = ~6 (considered as standard for determining 
the adsorption capacity for Hg2+ ions) provided the maximum Hg2+

adsorption capability of ~990 mg/g. The adsorption of HMIs can vary at 
different pH values because the surface hydroxyl and thiol functional 

groups on the aerogel surface undergo fast protonation and deprotona
tion at low and high pH, respectively. It was also confirmed that equi
librium was reached in the adsorption process for metal ions after 30 
min. Thus, a set contact time of 30 min was used for subsequent ex
periments, the results of which are shown in Fig. 8(c).

To clarify the adsorption process for the S-RFSi_SCD aerogel, Fig. 8
(d) and 8(e) show fitted graphs for nonlinear pseudo-first-order and 
linear pseudo-second-order kinetic models for Hg2+ adsorption by the 
aerogel, respectively, the experimental data for which are reported in 
Table S4. The nonlinear pseudo-first-order fitting and second-order 
linear fitting curves yielded coefficient of determination (R2) values of 
~0.8 and ~ 1, respectively, with an adsorption capacity of 1000 mg/g. 
This indicates that the adsorption of Hg2+ ions by the S-RFSi_SCD aer
ogel involves pseudo-second-order kinetics, thereby suggesting chemi
sorption by the thiol and hydroxyl functional groups on the aerogels and 
that the rate of Hg2+ adsorption depends on the availability of sorption 
sites. Fig. 8(f) shows that the qe value varied according to the initial 
Hg2+ concentration. The results for fitting adsorption isotherms using 
the Langmuir and Freundlich isotherm models for Hg2+ are shown in 
Fig. 8(g) and 8(h), respectively. The pseudo-second-order model was 
shown to be the predominant mechanism for chemical adsorption, and 
the Langmuir model was fitted to determine the monolayer adsorption 
capacity. The maximum adsorption capability of the S-RFSi aerogel by 
the thiol and hydroxyl functional groups on the aerogels and that the 
rate of Hg2+ adsorption depends on the availability of sorption sites. The 
maximum adsorption capability of the S-RFSi aerogel adsorbent for 
Hg2+ ions calculated using the Langmuir adsorption model was ~699.3 
mg/g (Table S5). In addition, the Freundlich model provided KF, n, and 
R2 values of 794.32, 0.037, and 0.94, respectively (Table S5). It was 
found that the Langmuir model provided a higher R2 value (~0.984) 
than the Freundlich model, thereby supporting the better suitability of 
the former.

The adsorption capacity of the aerogel at three different tempera
tures (25, 35, and 50 ◦C) was assessed to estimate the thermodynamic 
parameters. The thermodynamic parameters, such as the change in the 
amount of free energy (ΔG◦), enthalpy (ΔH◦), and entropy (ΔS◦), were 
calculated using Van't Hoff equations (Supplementary Section S3). The 
corresponding graphs for Hg2+ ions are shown in Fig. 8(i). Table S6 
provides the parameter values calculated using the aforementioned 
equations. The Hg2+ ions can pass through the aerogel pores due to their 
faster movement at higher temperatures. Moreover, the elimination of 
Hg2+ ions is a non-spontaneous sorption process, as indicated by the 
positive ΔG◦ values. Nonetheless, when the temperature was increased, 
the absolute ΔG◦ value rose as well, thereby suggesting that phys
isorption was predominant. Moreover, an exothermic adsorption pro
cess is indicated by the negative ΔH◦ value. This resulted from a decrease 
in randomness at the solid/liquid contact interface during the sorption 
process.

5.2. Methylene blue (MB) dye adsorption

We investigated the ability of the S-RFSi_SCD aerogel to adsorb MB 
dye. Fig. 9(a) shows the effect of the pH of the aqueous MB solution on 
the adsorption of the latter by the S-RFSi_SCD aerogel; the percentage 
removal and qe values increased until pH 7, followed by a slow decline 
as the pH was increased, thereby proving that the aerogel provided 
maximum MB dye adsorption in a neutral environment. Hence, this pH 
value was considered optimal when investigating the other parameters 
influencing the adsorption of MB dye molecules. Subsequently, 
adsorption studies for a range of adsorbent dosages were performed at a 
constant MB dye concentration of 10 ppm and pH 7. Fig. 9(b) illustrates 
that the qe value gradually decreased with an increase in adsorbent 
dosage. Varying the adsorbent dosage from 10 to 100 mg lowered the qe 
value for MB molecules in the solution. However, the MB molecules 
were strongly adsorbed by 10 mg of S-RFSi_SCD aerogel adsorbent. We 
suspect that the decrease in qe value thereafter was due to particle 

Table 2 
Comparison of the maximum adsorption capacities of the aerogel and MOF 
adsorbents for heavy metal ions.

Aerogel adsorbent Heavy metal ions qm 

(mg/ 
g)

Ref.

ANFs/WS2 Pb2+ 617.3 [66]
PEI functionalized chitosan Cr6+ 445.29 [67]
Magnetic Carbon Pb2+ 210 [68]
Amino- functionalized sodium alginate Cr6+ 678.67 [69]

Cd2+ 464.23
Mercapto-RF Cu2+ 120.48 [70]

Pb2+ 84.03
Mercapto-RF Hg2+ 169.49 [71]
APTES-RF Pb2+ 150 [72]
Fe-RF Cr6+ 55 [73]
Amine modified RF Cd2+ 151.52

[74]Hg2+ 158.73
Pb2+ 156.25

GM crosslinked silica Pd2+ 689.65 [29]
3D-CS-ZIF-67 Pb2+ 5.47 [75]
Fe-MG MOF Pb2+ 196 [76]
Zr MOF Pb2+ 100 [77]
Fe3O4-ZrMOF@GSH Hg2+ 431 [78]
S-RFSi Hg2+ 699.30 This work
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agglomeration in the adsorbent.
The contact time between the adsorbent and the adsorbate is 

significantly important in wastewater treatment. The contact time for 
10 ppm MB dye solution and 10 mg S-RFSi_SCD aerogel adsorbent was 
varied from 0 to 300 min. The adsorbent showed fast MB dye adsorption 
after 30 min, followed by gradual adsorption that almost reached 
equilibrium after 150 min (Fig. 9(c)). Hence, the latter optimal contact 
time was used in further MB dye adsorption experiments.

MB can easily occupy the available adsorption sites on the S-RFSi 
aerogel at low concentrations, which could be due to an increase in 
electrostatic interactions between the MB molecules and the adsorbent's 
empty active sites (Fig. 9(d)). In addition, due to inaccessible adsorption 
sites in aerogels, an increase above an initial concentration of 10 ppm 
may not improve the qe and percentage removal. When the initial MB 
concentration was increased from 10 to 100 ppm, the qe of the S- 
RFSi_SCD adsorbent varied from 145.15 and 11.29 mg/g. This confirms 
that the aerogel adsorbent showed maximum MB adsorption of 
~145.15 mg/g from the initial 10 ppm solution, which was due to the 
thiol (SH) groups on the epoxy-thiol-based aerogel surface.

The MB adsorption kinetics were investigated to understand the 
adsorption process and rate. Thus, both pseudo-first-order and pseudo- 
second-order kinetic models were investigated. Both models were indi
cated in the MB adsorption process by the S-RFSi_SCD adsorbent, as 
presented in Fig. 9(e) and 9(f), respectively, the kinetic parameter values 
for which are summarized in Table S7. The results show that the pseudo- 
second-order model correlation coefficient (0.9974) was higher than 

that for the pseudo-first-order model (0.93), thus pseudo-second-order 
kinetics control the MB adsorption by the S-RFSi aerogel adsorbent.

MB adsorption by the S-RFSi_SCD adsorbent was investigated using 
the Langmuir and Freundlich isotherm models. Adsorption on the 
various adsorption sites can be verified using the Freundlich model. This 
adsorption model is suitable for non-ideal procedures due to its variable 
adsorption energy, which also produces a complex heterogeneous sur
face on the adsorbent. [30] The isotherm profiles for the nonlinear 
Langmuir and Freundlich models for MB adsorption by the S-RFSi_SCD 
adsorbent are presented in Fig. 9(g) and 9(h), respectively, the isotherm 
parameter values for which are reported in Table S8. The maximum 
adsorption capacity (qm) of S-RFSi_SCD for MB calculated using the 
nonlinear Langmuir adsorption model was 105.48 mg/g. Moreover, the 
R2 value for the Langmuir model (~0.98) was much higher than that for 
the Freundlich model (0.67), thus confirming that MB dye adsorption on 
the S-RFSi aerogel is homogeneous.

The influence of temperature (25, 40, 60, and 80 ◦C) on the ther
modynamic adsorption of MB on the S-RFSi aerogel is shown in Fig. 9(i). 
Table S9 reports the estimated values for the thermodynamic parameters 
for MB adsorption on the S-RFSi aerogel. The absence of spontaneous 
MB adsorption on the S-RFSi aerogel is shown by the positive ΔG◦ value, 
while the positive ΔH◦ value indicates that the adsorption process is 
endothermic. Furthermore, the positive ΔS◦ value indicates that the 
adsorption of MB on the S-RFSi aerogel involves physisorption, which 
suggests stable organized attachment of MB molecules. This type of 
interaction implies the loose binding of MB molecules on the active 

Fig. 8. (a) Effects of adsorbent dosage and (b) initial solution pH on the Hg2+ adsorption capacity of the S-RFSi_SCD aerogel. (c) Influence of adsorption time on the 
removal efficiency of Hg2+ by the S-RFSi_SCD aerogel. Fitted curves for the nonlinear pseudo-first-order (d) and linear pseudo-second-order (e) kinetic models. (f) 
Isotherm for the adsorption of Hg2+ on the S-RFSi_SCD aerogel‘s surface. (g) Nonlinear Langmuir isotherm model, (h) nonlinear Freundlich isotherm model, and (i) a 
Van't Hoff plot for the adsorption of Hg2+ by the S-RFSi_SCD aerogel.
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adsorption sites in S-RFSi aerogel, thereby making it easy to remove 
them via desorption.

5.3. Selectivity, reusability and mechanism of adsorption

The competition adsorption of Pb2+, Cd2+ and Hg2+ under optimal 
conditions (concentration, pH, temperature) for 30min was investigated 
for S-RFSi_SCD aerogel. A selectivity toward Hg2+ was identified 
following Hg2+ > Cd2+ > Pb2+ (Fig. 10a). This situation favours a 
stronger interaction between S-functional group and Hg2+ ions, and as a 
result, a better selectivity. The selective adsorption efficiencies of Hg2+

(97.756 %), Cd2+ (82.497 %), and Pb2+ (78.795 %) by S-functionalized 
RFSi aerogels can be rationalized by the synergistic effects of chemical 
affinity and ionic size. According to the hard–soft acid–base (HSAB) 
principle, sulfur is a soft Lewis base with strong binding preference for 
soft Lewis acids such as Hg2+, leading to highly stable Hg–S coordi
nation bonds and thus the highest removal efficiency. Cd2+, with a 
comparable but slightly smaller ionic radius, also shows strong inter
action with sulfur, resulting in moderately high adsorption. In contrast, 
Pb2+, though borderline soft, has a larger ionic radius and weaker 
interaction with sulfur, which limits access to active sites and lowers its 
removal efficiency.

Fig. 10(b) presents the qe and qm values for Hg2+ and MB removal by 
the S-RFSi SCD aerogel adsorbent via pseudo-second-order and Lang
muir models; it could adsorb Hg2+ with qe and qm values of ~1000 and 
~ 699.3 mg/g, respectively, and MB with values of ~148.6 and ~ 

105.48 mg/g, respectively. Thus, the aerogel adsorbent can efficiently 
remove both from industrial wastewater. The S-RFSi aerogels' capacity 
to be reused for HMI adsorption was assessed over five consecutive 
adsorption-desorption cycles under ideal circumstances, the results of 
which are presented in Fig. 10(c). After five cycles, the adsorption ca
pacity for Hg2+ was maintained at 94.78 % efficiency. Table 2 reports a 
comparison of the S-RFSi aerogel adsorbent's HMI adsorption capability 
with those of previously reported ones; the former's Hg2+ capacity is on 
par with the best previously reported RF, RF/Si, and other aerogels 
[66–78]. This demonstrates the S-RFSi_SCD aerogel's exceptional ability 
to adsorb various HMIs from polluted water.

The reusability of S-RFSi_SCD for MB dye adsorption was studied to 
determine the durability of the former. The experimental results in 
Fig. 10(d) demonstrate that the efficacy of the S-RFSi aerogel (92.3 %) 
decreased by 7.7 % following five consecutive adsorption-desorption 
cycles. The results intimate that the S-RFSi aerogel adsorbent is 
eminently regeneratable and can be used to effectively remove MB dye 
molecules from water. The results for the S-RFSi aerogel adsorbent were 
compared with those of other previously reported adsorbents, as pro
vided in Table 3; it can be seen that the S-RFSi_SCD aerogel adsorbent 
was more effective than the others [79–87].

Fig. 10(e) proves the durability of present aerogel adsorbent by 
confirming FTIR measurements before and after five consecutive 
adsorption-desorption cycles of MB. It was observed that the all bonding 
vibrations in FTIR spectra for S-RFSi_SCD aerogel adsorbent before 
adsorption and after five adsorption-desorption cycles. Epoxy-thiol 

Fig. 9. Effects of (a) pH, (b) adsorbent amount, (c) contact time, and (d) initial concentration of MB dye solution on its adsorption by the S-RFSi_SCD aerogel. (d) 
Influence of adsorption time on the removal efficiency of MB by the S-RFSi_SCD aerogel. Fitted curves for the nonlinear pseudo-first-order (e) and linear pseudo- 
second-order (f) kinetic models. Isotherms for the adsorption of MB by the S-RFSi_SCD aerogel surface. (g) Nonlinear Langmuir isotherm model. (h) Nonlinear 
Freundlich isotherm model, and (i) Van't Hoff plot for the adsorption of MB on the S-RFSi_SCD aerogel.
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crosslinking in the S-RFSi_SCD aerogel provides a stable and robust 
network and makes functional groups available for interaction with 
HMIs and MB. The thiol groups have a strong affinity for Hg2+ ions. The 
S_RFSi aerogel is highly porous with a large number of accessible pores 
that provide numerous active sites for adsorption. Epoxy-thiol cross
linking provides both mechanical strength and flexibility, thereby 
enabling the aerogel to withstand multiple adsorption-desorption cycles 
without significant degradation. In addition, some reported aerogels 
lack specific functionality for HMI and MB adsorption and are me
chanically fragile with poor long-term use. From all above findings, one 
can conclude that S-RFSi_SCD aerogel adsorbent is more efficient Hg2+

and MB dye adsorbent, takes a place with other adsorbents for future 
flow-water treatment applications.

The possible adsorption mechanism presented in Fig. 10(f) indicates 
that adsorption is due to complexation or ion exchange (via the S- 
functional groups), along with surface adsorption or hydrogen bonding 
(via the surface hydroxyl groups). Complexation results in HMIs forming 
strong bonds with functional groups on the adsorbent surface (-SH 

functional groups in present aerogels). In addition, metal ion exchange is 
via the surface functional groups on the adsorbent. However, MB is 
attracted toward negatively charged OH surface groups on the adsor
bent, and hydrogen bonds form between them and the N atoms in MB.

XPS was employed to investigate the chemical structures of the S- 
RFSi_SCD aerogel. The survey scan spectrum [Fig. 11(a)] confirmed the 
presence of C 1 s, Si 2p, O 1 s, and S 2p peaks at 284.6, 102.0, 532.1, and 
163.1 eV, respectively, along with an additional Hg 4f signal at 105.23 
eV after Hg2+ adsorption [29,88]. High-resolution deconvoluted spectra 
of Si 2p, C 1 s, O 1 s, and S 2p are presented in Fig. 11(c–f) and (g-i) for 
before and after Hg2+ adsorption . In the Si 2p spectrum, two peaks at 
101.9 and 102.7 eV correspond to Si–C and Si–O linkages, respectively 
[29]. The C 1 s spectrum displayed three peaks at 284.6, 285.5, and 
288.5 eV, attributable to C–C (benzene ring carbons), C–O–H/C–O–C, 
and O–C=O bonds, respectively [88]. The distinct shoulder peak at 
288.5 eV further evidences strong crosslinking between RF and epox
y–thiol–polymerized Si. The O 1 s spectrum exhibited two peaks at 532.0 
and 533.3 eV, assigned to O–Si and O–C/O–H groups, respectively [30]. 
The S 2p spectrum revealed splitting into S2p₃/₂ and S2p₁/₂ peaks at 
163.1 and 164.5 eV, confirming the successful epoxy–thiol polymeri
zation reaction [29]. The S2p₁/₂ component is associated with R–SH/ 
C–SH functionalities, indicating thiol crosslinking in the aerogel [89]. 
These results collectively confirm strong chemical crosslinking between 
GPTMS- and MPTMS-derived Si units and the RF polymer.

Following Hg2+ ion adsorption (Fig. 11(b)), additional Hg4f₇/₂ and 
Hg4f₅/₂ peaks were detected at 101.62 and 105.23 eV, respectively, with 
a spin–orbit splitting of 3.61 eV. Deconvolution results indicate that Hg 
primarily exists in the +2-oxidation state within the S-RFSi_SCD aerogel 
pores [90]. Furthermore, the O 1 s spectrum demonstrated Hg–O in
teractions, suggesting that Hg2+ also coordinates with oxygen sites on 
the pore surfaces. Notably, the Si 2p peak remained largely unchanged, 
confirming that silica mainly serves as a structural support, while oxy
gen and sulfur moieties act as the active adsorption centers. Taken 
together, these findings suggest that the adsorption mechanism of Hg2+

onto S-RFSi aerogels arises from a synergistic effect between epoxy–thiol 

Fig. 10. (a) Selective Hg2+ removal by S-RFSi_SCD aerogel in Cd2+, and Pb2+ metal mixtures, (b) Maximum adsorption capacities for Hg2+ and MB adsorption, 
Recycling performance of the S-RFSi_SCD aerogel for (c) Hg2+ and (d) MB adsorption., (e) FTIR spectra for the S-RFSi_SCD aerogel adsorbent before and after 5 
consecutive adsorption-desorption cycles, and (e) possible Hg2+ and MB adsorption mechanisms.

Table 3 
Comparison of the maximum adsorption capacities of the aerogel and MOF 
adsorbents for the MB.

Aerogel adsorbent Dye solution qm 

(mg/g)
Ref.

CD-cellulose MB 50 [79]
Hydrophobic silica MB 65.74 [80]
Hydrophilic silica MB 47.21
Titania doped silica MB 131.58 [81]
Cellulose@ZIF-8 RhB 40.4 [82]
Carbon fiber aerogel MB 102.2 [83]
Cellulose aerogel MB 29.7 [84]
keratin/silk fibroin MB 163.84 [85]
P-shell MOF MB 106.38 [86]
Zr-MOF MB 89.2 [87]
S-RFSi MB 105.48 This work
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crosslinking and the sol–gel–derived porous network, which enables 
strong Hg–S and Hg–O interactions.

6. Conclusions

Mechanically strong yet flexible thick necked RFSi aerogels were 
fabricated by using epoxy-thiol polymerization and a sol-gel process. 
SEM and TEM images confirmed stronger and thicker particle necking 
enhancement in the S-RFSi_SCD aerogel than in other previously re
ported mechanically weak RF-Si composite aerogels. The presence of Si 
2p and S 2p peaks in the XPS analysis confirmed that epoxy-thiol 
polymerization had proceeded successfully. Our approach enhanced 
the deformation and moving resistance of the aerogel while maintaining 
its flexibility. The addition of FEA simulations expanded the under
standing of the structural mechanics and served as a validation tool, 
confirming that the designed neck structures are responsible for the 
mechanically strong yet flexible nature of the aerogels. The S-RFSi_SCD 
aerogel showed ultralow density (~0.050 g⋅cm− 3), high porosity (~96 
%), large recoverable compressibility at 50 % strain, excellent fatigue 
resistance (an energy loss coefficient of 0.4), a high Young's modulus 
(5.65 MPa), and relatively low thermal conductivity (~0.026 W⋅m− 1 

K− 1) at room temperature, comparable to that of still air. The optimized 
S-RFSi aerogel is capable of both HMI and dye adsorption, with 

maximum Hg2+ adsorption of ~699.3 mg/g and moderate MB dye 
adsorption of ~105.48 mg/g. This excellent adsorption is due to the S- 
functional groups obtained via epoxy-thiol polymerization and surface 
hydroxyl groups. This study provides a new approach to designing 
functional hybrid organic-inorganic aerogels with excellent mechanical 
properties and high functionality for versatile applications in harsh 
environments.
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