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ABSTRACT

Silica aerogels are attractive materials with many fascinating properties, how-

ever, their poor mechanical properties and the laborious drying methods

strongly restrict their practical applications. Here, we reported the preparation

of novel salicylaldimine-bridged silica aerogels. The 5,5’-methylene-bis-salicy-

laldimine bridging groups were efficiently introduced into aerogels via a facile

ambient Schiff-base reaction. The obtained aerogels were constructed of large-

sized colloidal particles (average diameter = 1 lm) and had a macroporous

structure, which allows them to be prepared directly through a facile vacuum

drying method. These aerogels exhibit high porosity ([ 90%), ultra-low density

(0.058 g cm-3), high compression resistance ([ 80% strain), good thermal sta-

bility (Td, 5%[ 357 �C), and excellent hydrophobicity and oleophilicity. In

addition, these aerogels possess good organic solvent absorption ability and

demonstrate high separation efficiency in oil–water separation.

Introduction

Aerogels are a class of three-dimensional porous

materials derived by replacing the liquid component

of the gel with air. Due to their extremely low density

and high porosity, aerogels have unique physical

properties such as high specific surface area, low

thermal conductivity, and high adsorption capacity

[1–6]. Therefore, they have potential applications in a

variety of fields such as oil–water separation [7–9],

thermal insulators [10–12], energy storage [13, 14],

catalysts [15, 16], and space exploration [17]. As the

most developed aerogels, silica aerogels have

received wide attention due to their low-cost raw

materials, relatively facile preparation process, and

Handling Editor: Chris Cornelius.

Address correspondence to E-mail: lei.li@sdu.edu.cn; fsy@sdu.edu.cn

https://doi.org/10.1007/s10853-021-06781-6

J Mater Sci (2022) 57:3360–3374

Composites & nanocomposites

http://orcid.org/0000-0002-3056-2296
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-021-06781-6&amp;domain=pdf


high solvent and thermal resistance properties [18].

However, pristine silica aerogels are brittle and often

suffer structural damage due to capillary tension

generated during solvent drying process [18]. Hence,

supercritical drying process is adopted for most

pristine silica aerogels, which restricts their large-

scale preparation [19]. In addition, their poor ability

to withstand external forces makes them not suit-

able for load-bearing situations, which greatly limits

their applications [20]. Therefore, it is of great

importance to develop easily accessible aerogels with

ultra-low density and enhanced flexibility.

For the reinforcement and toughening of silica

aerogels, different strategies have been developed.

One strategy is to introduce various reinforcing

components, including polymers [11, 21–26] or

organic/inorganic fibers [6, 27–34]. These compo-

nents interspersed between the skeletons of silica

aerogels can effectively improve the compression

resistance and flexibility of aerogels. However, these

polymers or fibrous components will inevitably fill

the pores of aerogels, leading to the increase in den-

sities and decrease in porosities. Another effective

strategy is constructing organic–inorganic hybrid

aerogels by using organic silane precursors. Com-

pared with silica aerogels derived from tetrafunc-

tional alkoxysilanes, these organic–inorganic hybrid

aerogels have a lower Si–O–Si cross-link density,

making the aerogels more flexible. These organic

groups attached to silica atoms or embedded in the

backbone can enhance the elastic recovery of aerogels

in compression. For instance, Kanamori et al. repor-

ted a flexible aerogel derived from

methyltrimethoxysilane and dimethyldimethoxysi-

lane as the co-precursor, which could withstand at

least 80% of the compressive deformation and almost

completely recovered its original shape and size after

unloading the stress [35, 36]. Bridged sesquisiloxanes

[37, 38] are a popular class of precursors that can be

synthesized through thiol–ene click reaction [39, 40],

thiol–isocyanate reaction [41], amino-isocyanate

reaction [42], etc. The introduction of organic bridg-

ing groups can significantly increase hydrophobicity

and oleophilicity while enhancing the flexibility of

aerogels, making these aerogels promising candi-

dates for oil–water separation.

Schiff’s bases are a class of bridging groups with

rich structural variety and are widely used in cova-

lent organic frameworks. But except a bis(propylim-

inomethyl)benzene moiety [12, 43–45], Schiff’s bases

are rarely used in the design of sesquisiloxane aero-

gels. In this work, we prepared 5,5’-methylene-bis-

salicylaldimine-bridged aerogels with a vacuum-

drying method. 5,5’-Methylene-bis-salicylaldimine

was selected due to its facile synthesis via ambient

Schiff-base reaction, relative rigid molecular skeleton

and enhanced hydrolytic stability resulted from the

intramolecular C=N���H–O hydrogen bond interac-

tion. An aerogel with various compositions was

prepared by the sol–gel process of this bridged pre-

cursor and with methyltriethoxysilane as the co-pre-

cursor. The bridged silsesquioxane aerogels exhibit

high porosity ([ 90%), ultra-low density

(0.058 g cm-3), high compression resistance ([ 80%

strain), good thermal stability (Td, 5%[ 357 �C), and

excellent hydrophobicity and oleophilicity. Oil–water

separation experiments demonstrated that the aero-

gel could achieve oil–water separation in several

ways and with a high separation efficiency.

Materials and methods

Materials

5,5’-Methylene-bis-salicylaldehyde was synthesized

as described in the literature [46]. Methyltri-

ethoxysilane and 3-aminopropyltriethoxysilane were

purchased from Energy Chemical. Tetrahydrofuran,

glacial acetic acid, and anhydrous ethanol were

purchased from Tianjin Fuyu Chemical Co., China.

All the reagents were used without further

purification.

Synthesis of the precursor MSA-TES

5, 5’-Methylene-bis-salicylaldehyde (0.64 mmol) was

added to 10 mL of tetrahydrofuran in a 25-mL round-

bottom flask and stirred for 5 min, and then,

3-aminopropyltriethoxysilane (1.28 mmol) was

added into the mixture. After stirring for another 4 h

at room temperature, the solvent was removed by

vacuum distillation to obtain the MSA-TES precursor.

Yield: C 99%.

Preparation of aerogels

In a typical synthesis, 4 mL ethanol and 0.25 mL

tetrahydrofuran were mixed in a beaker, then cer-

tain amounts of MSA-TES and methyltriethoxysilane
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were added into the above mixture, maintaining the

molar concentration of Si atoms fixed at 0.27 mol L-1.

After stirring for 10 min at room temperature, 0.3 mL

of deionized water and 40 lL of glacial acetic acid

were slowly added under stirring conditions. After

further stirring for 10 min, the solution was trans-

ferred into a sealed cylindrical mold and rested in an

oven at 60 �C for 18 h. The resulting wet gel was

taken out and immersed in ethanol at 60 �C for 4 h to

remove the unreacted components. Finally, the wet

gel was dried in a vacuum drying oven at 40 �C for

6 h and then heated at 80 �C to constant weight.

Characterization

1H NMR, 13C NMR, and 29Si NMR spectra were

recorded on a Bruker Avance 400 MHz spectrometer

(Germany) at 25 �C. Chemical shifts were reported in

d (ppm), and CDCl3 was used as the solvent. Solid-

state 13C and 29Si NMR study were performed on a

Bruker Avance III 400 MHz cross-polariza-

tion/magic-angle spinning (CP-MAS) NMR spec-

trometer. Fourier transform infrared spectrum (FT-

IR) was recorded from the 4000 to 400 cm-1 on a

Bruker Tensor 27 infrared spectrophotometer (Ger-

many) with the KBr pellet technique. Brunauer–Em-

met–Teller (BET) specific surface area was

determined by N2 sorption–desorption measurement

with Micromeritics ASAP 2460 analyzer. Mercury

intrusion porosimetry (MIP) analysis was carried out

using an AutoPore V 9600 instrument to measure the

pore size distribution and porosity of aerogels.

Scanning electron microscope (SEM) images were

taken using a Zeiss G300 field-emission microscope.

The apparent density of aerogels was calculated from

their mass-to-volume ratios. The shrinkage of aero-

gels was calculated from the diameter of the gel and

dried sample. Thermogravimetric analysis (TGA)

was carried out on a Mettler Toledo thermo-

gravimeter SDTA-854 from 40 to 800 �C with a

heating rate of 10 �C/min under N2 flow. Mechanical

compression tests of aerogels were conducted on a

Instron 3343 material testing system with a strain rate

of 1 mm/min. The surface wettability of aerogels was

tested by a Dataphysics OCA20 contact angle

analyzer.

Results and discussion

Synthesis of the precursor

As shown in Scheme 1, the imine-bridged precursor

MSA-TES was obtained via the Schiff-base reaction

between 5,5’-methylene-bis-salicylaldehyde (MSA)

and 3-aminopropyltriethoxysilane (APTES) at room

temperature. The 1H, 13C, and 29Si NMR spectra of

MSA-TES are shown, respectively, in Fig. 1. The 1H

NMR spectrum (Fig. 1a) shows that the amino proton

peak of APTES (d = 1.34–1.37 ppm) and the aldehyde

proton peak of MSA (d = 9.83–9.86 ppm) have dis-

appeared after the reaction, and the resonance signal

of the imine proton appears at 8.25–8.27 ppm. In

addition, the integrated ratio of each proton peak is

{(a,b,c,d,e):(f,g,h):i:j = 1:2:6:9}, which is in agreement

with the theoretical calculated value. According to

the 13C NMR spectrum of the precursor (Fig. 1b), the

characteristic signal of the carbons of the imine group

appears at 159.4 ppm, and the chemical shifts of all

the other resonance peaks are consistent with the

structure of the precursor. Figure 1c shows the 29Si

NMR spectrum of the precursor, where only one

strong resonance signal appears at d = - 45.7 ppm in

accordance with the triethoxysilane structure in the

product. The FT-IR spectra of the two raw materials

APTES, MSA and MSA-TES are presented in Fig. 2.

After the reaction of APTES with MSA, the peak of

the amino group at 3350 cm-1 and that of the alde-

hyde group at 1654 cm-1 disappeared, accompanied

by the appearance of a new absorption of imine

group at 1635 cm-1, indicating the high reaction

efficiency. All these results demonstrate that the

bridging precursor was successfully synthesized via

the mild Schiff-base reaction.

Chemical structure of the aerogels

With the silane precursor in hand, the imine-bridged

silica aerogel was prepared by the acid-catalyzed

hydrolysis and condensation of MSA-TES, where the

solvent was easily removed via a vacuum drying

process. Methyltriethoxysilane was also used as a co-

monomer in the sol–gel process in order to tune the

structures of obtained aerogels. By adjusting the

molar ratio between MSA-TES and methyltri-

ethoxysilane, three kinds of aerogels were obtained

and named as A100-0 (100 mol% of MSA-TES), A80-

20 (80 mol% of MSA-TES and 20 mol% of
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methyltriethoxysilane), and A70-30 (70 mol% of

MSA-TES and 30 mol% of methyltriethoxysilane),

respectively. FT-IR spectrum of A100-0 in Fig. 2

reveals that the absorption band at 1636 cm-1 char-

acteristic of imine groups remains intact after the sol–

gel process, proving that the acid-catalyzed process

does not lead to observable degradation of the imine

structure. The absorption band of the aerogel sample

at 1000–1100 cm-1 splits into two strong peaks,

which marks the formation of Si–O–Si structure by

the condensation of Si–OH groups. The peaks around

3400 cm-1 can be attributed to residual Si–OH

groups, indicating the incomplete condensation of Si–

OH groups during the gelation process. For further

analyzing the chemical structure of the bridged

aerogel, sample A80-20 was characterized with 13C

and 29Si CP-MAS NMR, and the obtained spectra are

shown in Fig. 3. The 13C NMR result (Fig. 3a) shows

that the aerogel A80-20 has the characteristic signals

of 5,5’-methylene-bis-salicylaldimine and methyl

silane groups generated from the precursors MSA-

TES and methyltriethoxysilane, demonstrating the

intactness of the bridging skeletons in the aerogel.

The absence of resonance signal of –OCH2CH3 indi-

cates that both precursors were totally hydrolyzed

into silanol compounds. The 29Si solid-state NMR

spectrum shows two peaks located at - 59.8 ppm

and - 67.6 ppm, attributed to silicon atom signals of

T2 (R–Si(OSi)2OH) and T3 (R–Si(OSi)3) units, respec-

tively. The T2 units are the result of the incomplete

condensation between the Si–OH groups. More

importantly, the absence of any silicon atom signals

from (Si(OSi)i(OH)4-i)-like units (about-120– 80 ppm)

means that no cleavage of Si–C bonds occurs in the

sol–gel process. The above results clearly demon-

strate that the aerogels with 5,5’-methylene-bis-sali-

cylaldimine groups have been successfully prepared.

Physical structure and thermal properties

Representative photographs of three aerogels are

shown in Fig. 4a. Compared with the conventional

silica aerogels that undergo large volume shrinkage

([ 20%) [19] or structural collapse [18] after the dry-

ing process, the volume shrinkage of the three aero-

gels in this system is relatively small. On one hand,

these aerogels with large pore sizes are subjected to

less capillary force during the solvent drying process.

On the other hand, the high content of organic com-

ponents and the relative flexible skeleton improve

their resistance to the capillary forces. According to

the results in Table 1, increasing the ratio of

Scheme 1 a Synthesis of the

MSA imine-bridged precursor.

b Preparation procedure of

aerogels.
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methyltriethoxysilane significantly reduced the vol-

ume shrinkage of aerogels. As we mentioned above,

the condensation of silica hydroxyl groups during the

gelation of aerogels was incomplete, and many

residual Si–OH groups remained on the surface of the

colloidal particles. During solvent volatilization, col-

loidal particles aggregated under capillary pressure

and simultaneously underwent inter-particle Si–OH

condensation, resulting in inter-particle cross-linking

and exhibiting permanent volume shrinkage. With

the addition of methyltriethoxysilane, the flexible Si–

CH3 group was enriched on the particle surface and

improved the hydrophobicity of the particle surface.

These hydrophobic silicone methyl groups inhibited

the inter-particle condensation of silanols during

solvent evaporation, allowing the aerogel to spring

Figure 1 a 1H NMR, b 13C NMR, and c 29Si NMR spectra of the

precursor MSA-TES.

Figure 2 FT-IR spectra of APTES, MSA, MSA-TES, and aerogel

A100-0.

Figure 3 13C and 29Si CP-MAS NMR spectra of aerogel A80-20.
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back after the drying process, thus significantly

reduced the permanent volume shrinkage of A80-20

and A70-30. The excellent volume retention capabil-

ity endows these aerogels with relatively low

apparent densities (Fig. 4b), which will facilitate their

performance in a variety of applications.

The morphologies of aerogels were investigated by

SEM, and the results are shown in Fig. 5. All aerogels

have a skeleton network with a typical pearl-neck-

lace-type morphology. This skeletal network was

formed by the random stacking and fusion of col-

loidal particles of different diameters. This aggrega-

tion and fusion process can be clearly seen in the

magnified image (Fig. 5d–f). Figure 5g–i shows the

size distribution of colloidal particles for the three

aerogels, with average particle diameters of 0.73, 0.84,

and 0.89 lm for A100-0, A80-20, and A70-30,

respectively. Particles of this larger size build a more

robust aerogel skeleton compared with thioether [40]

or alkylene [37] bridged silsesquioxane aerogels. In

addition, the particles were closely packed, and there

was a high degree of fusion between adjacent parti-

cles, which made the ‘‘neck’’ of the pearl-necklace not

clearly distinguishable. Because the necks are con-

sidered to be the vulnerability points for silica aero-

gels, this high degree of fusion herein helps to

improve the mechanical strength of obtained

aerogels.

The porous structure of obtained aerogels was

quantitatively analyzed by nitrogen adsorption–des-

orption experiments and mercury intrusion

porosimetry (MIP). As shown in Fig. 6a, all the N2

adsorption–desorption isotherms of three aerogels

show the type III plots according to IUPAC classifi-

cation, indicating their macroporous structures. Bru-

nauer–Emmet–Teller (BET) surface areas of A100-0,

A80-20, and A70-30 are 17.8, 12.4, and 14.9 m2 g-1,

respectively. According to the MIP analysis, the

porosity values of these three aerogels are higher

than 90%. The pressurization curves in Fig. 6b–d

show that the critical pressure Pc [45, 47] of aerogels

A100-0, A80-20, and A70-30 is 16, 16, and 110 kPa,

respectively. According to the Washburn equation

[48], the pore diameter is inversely proportional to

the mercury intrusion pressure. Therefore, according

to the relationship between mercury intrusion vol-

ume and pressure on the mercury intrusion curves,

the relationship between pore volume and pore

diameter can be obtained, i.e., the pore size distri-

bution curves, which were inserted in Fig. 6b–d. The

pore size distribution curves outline that pore sizes of

A100-0, A80-20, and A70-30 distribute in the range of

7.2–13.9 lm, 6.0–13.9 lm, and 5.5–13.5 lm,

respectively.

The thermal stability of aerogels was characterized

by TGA under nitrogen atmosphere. The tempera-

tures at 5% weight loss for A100-0, A80-20, and A70-

Figure 4 a Representative photographs of A100-0, A80-20, and

A70-30. b Sample A70-30 on green bristlegrass.

Table 1 Physical properties of the aerogels

Samples Apparent density

(g cm-3)

Volume

shrinkage (%)

BET specific surface

area (m2 g-1)

Porosity

(%)

Young’s

modulus (MPa)

Temperature for the 5%

weight loss (�C)

A100-0 0.074 ± 0.002 9.37 ± 0.35 17.8 ± 0.12 90.5 ± 0.6 0.059 ± 0.009 357

A80-20 0.062 ± 0.003 3.13 ± 0.18 12.4 ± 0.06 91.7 ± 0.8 0.030 ± 0.003 360

A70-30 0.058 ± 0.002 2.50 ± 0.15 14.9 ± 0.10 92.7 ± 0.3 0.031 ± 0.003 362
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30 were 357 �C, 360 �C, and 362 �C, respectively,

which demonstrated that these aerogels have excel-

lent thermal stability. In the TG-DTG curves (Fig. 7),

two obvious weight loss stages in the temperature

range of 305–440 �C and 440–600 �C can be attributed

to the decomposition of the organic bridging groups

and siloxane bonds, respectively. In addition, the

trace weight loss below 200 �C is believed to be the

evaporation of H2O generated from further conden-

sations of residual Si–OH groups.

Mechanical properties

The mechanical property of aerogel is an important

aspect in almost all applications, especially in oil–

water separation, where the resistance to repeated

compression and the deformation recovery ability are

highly required. Therefore, we investigated their

mechanical properties via axial compression experi-

ments. All aerogel samples can withstand at least

80% compressive deformation without damage and

recover to more than 95% of their original size after

the removal of external force for 30 min (Fig. 8a).

Figure 8b shows the cyclic stress–strain curves of

A100-0, A80-20, and A70-30 obtained from axial

compression experiments at 70% compressive defor-

mation. At 70% compressive deformation, the com-

pressive stresses of aerogels A100-0, A80-20, and

A70-30 reached 0.33, 0.20 and 0.17 MPa, respectively.

The relatively low stresses reflect that these aerogels

are very flexible, which will effectively reduce the

applied energy in the compression applications.

Moreover, no rupture, collapse, or crushing of these

aerogels occurred in the compression process, even

though this kind of structural damage phenomenon

was quite common for compressing unmodified silica

aerogels. This result indicates that the introduction of

the bridging group has effectively improved the

compression resistance of the aerogel.

To verify the deformation recovery ability of

aerogels during repeated compression, 10 consecu-

tive cyclic compression tests with the maximum

Figure 5 SEM images of aerogels: a,d A100-0, b,e A80-20, c,f A70-30 and size distribution of aerogels: g A100-0, h A80-20, i A70-30.
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deformation at 50% were applied (Fig. 8c–e). After

the first compression, the time is not sufficient for the

aerogels to totally restore their original size. There-

fore, a horizontal line without stress appears at the

initial stage of the compression curve, the length of

which also represents the magnitude of the plastic

deformation after the compression. From aerogels

A100-0, A80-20 to A70-30, the plastic deformation is

less significant, because that the molecular interac-

tions inside aerogels are much weaker with the

increase in less polar Si–CH3 content. Moreover, the

stress at 50% compression strain remains constant

with the increase in compression cycles, further

confirming the capability of these aerogels in resist-

ing structural damage during compression.

Wettability

The surface wettability of aerogels is another impor-

tant parameter in oil–water separation applications,

which directly affects the absorbency of organic sol-

vents and the oil–water separation efficiency. All

three aerogels exhibited good hydrophobic proper-

ties (Fig. 9a), despite the fact that a portion of Si–OH

groups remained inside the aerogels. After com-

pletely submerging in water and taking out, the

surface of aerogels remains completely dry. The static

water contact angles of aerogels A100-0, A80-20 and

A70-30 are 137�, 148� and 150�, respectively. As

expected, the increase in Si-CH3 content enhanced the

hydrophobic properties of aerogels. In addition, the

water contact angles on the aerogel surface and cross

section are consistent, indicating the homogenous

nature of these aerogels. Figure 9b shows the result of

water droplet adhesion experiment of aerogel A70-

30. The aerogel surface was placed in contact with the

water droplet, held for 10 s, and then moved down-

ward. In this process, the water droplet remained

almost spherical and adhered to the syringe all the

time without losing any mass, which nicely

Figure 6 a N2 adsorption and desorption isotherms of the aerogels. Mercury intrusion and extrusion curves of b A100-0, c A80-20, and

d A70-30; the insert figures are the pore size distribution curves obtained by MIP analysis.
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demonstrated the excellent water repellency of aero-

gel A70-30. To further test the oleophilicity and oil

absorption ability of aerogels, we chose n-hexane, a

common petroleum fraction, as the representative oil

substance. All three aerogels exhibit good

oleophilicity, and n-hexane droplets quickly enter the

inner pores once they come into contact with the

aerogels, leaving only dyed oil stains on the surface

(Fig. 9c). It can be concluded that this series of aero-

gels exhibit excellent hydrophobic and oleophilic

properties, which will be helpful for their applica-

tions in oil–water separation.

Oil–water separation applications

Considering the fact that these aerogels possess

hydrophobic and oleophilic properties and exhibit

good flexibility during the repeated compression

process, they are expected to be valuable for oil–

water separation applications. The obtained aerogels

were immersed in various organic solvents and taken

out after 5 min, and their absorption capacities of

different solvents were measured by testing the mass

ratio after and before the adsorption. Due to the good

oleophilicity of aerogels, rapid absorption saturation

occurred within 5 min. The absorption capacities of

each aerogel for various organic solvents are shown

in Fig. 10a and vary roughly in the same trend.

Thanks to their more hydrophobic and oleophilic

nature, the oil absorption capacities of aerogels A80-

20 and A70-30 are much higher than that of A100-0.

In order to extract absorbed oils from adsorptive

materials, mechanical squeezing and gravity-driven

separation are undoubtedly more eco-friendly and

energy-saving in comparison with other methods like

oil evaporation or solvent washing. Since aerogels

have good compression resistance, we first tested the

repeated absorption-squeezing-reabsorption capabil-

ity to hexane of aerogel A70-30. The aerogel was

soaked in n-hexane for 5 min and then squeezed to

release the hexane. The masses of the aerogel after

saturation absorption and after being squeezed in

each cycle are recorded, as displayed in Fig. 10b.

During the first cycle, the saturated absorption of

hexane is 10 g/g, and the remaining absorption after

squeezing is 4 g/g. During the succeeding cycles, the

Figure 7 TG-DTG curves of a A100-0, b A80-20, and c A70-30.
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saturated absorption and the extruded residual mass

decreased slightly and then remained stable, indi-

cating the robust reusability of the aerogel in the oil

absorption-squeezing cycles.

With n-hexane as an example, we simulated the

absorption of floating oil on the water surface, as

shown in Fig. 10c. For easy observation, hexane and

water were stained with methyl red and methylene

blue, respectively. When a piece of aerogel A70-30

was contacted with the liquid, the aerogel floated on

the water surface and quickly soaked up the n-hex-

ane, leaving a clean water surface with no residual

floating oil. The hexane absorbed by the aerogel was

squeezed out and collected in another container, and

no water droplet could be observed in the collected

hexane. The separation efficiency of aerogel for water

Figure 8 Compressive stress—strain curves of the aerogels. a The compression and spring back behavior of A70-30. b Cyclic stress–

strain curves of A100-0, A80-20, and A70-30 at 70% compressive deformation. c–e 10-time-repeated compression tests of the aerogels.
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and hexane was evaluated by the mass ratio of water

after and before oil absorption, which was as high as

99.2%.

As shown in Fig. 10d, we further verified the

gravity-driven oil–water separation effect of the

aerogel A70-30 for high-density organic solvents. The

aerogel was filled at the bottom of the syringe.

Thanks to the flexible property, the aerogel fitted

tightly into the syringe without leaving any gap.

Then, the mixture of dichloromethane and water was

poured into the syringe. Since the aerogel repels

water, water molecules could not pass through the

aerogel layer, while dichloromethane could continu-

ously pass under the drive of gravity, resulting in the

complete separation of water and dichloromethane.

All these results demonstrate the great potential of

these aerogels for oil–water separation applications.

It must be emphasized that imine bonds are suscep-

tible to strong acidic environments. As previously

reported [49, 50], the salicylaldimine structure is

stable at pH[ 4, but at pH\ 4, the imine bond is

hydrolyzed and salicylaldehyde is released. This

phenomenon is useful for controlled drug release, but

in oil–water separation applications, the hydrolysis

under acidic conditions can cause the disintegration

of aerogels. Therefore, these aerogels are not suit-

able for oil–water separation of strongly acidic

wastewater, or should be used after neutralizing the

strong acid.

Conclusions

In summary, we designed and prepared a series of

flexible 5,5’-methylene-bis-salicylaldimine-bridged

silsesquioxane aerogels. The bridged precursor was

synthesized via a facile ambient Schiff-base reaction

and used to prepare bridged aerogels through sol–gel

process with methyltriethoxysilane as the co-precur-

sor. Thanks to their toughened skeleton and macro-

porous structure, the aerogels could be prepared

through a facile vacuum drying method. The

obtained aerogels exhibit high porosity, ultra-low

density, high compression resistance, and excellent

hydrophobicity and oleophilicity. These outstanding

properties enable the aerogels to perform well in oil–

water separation applications.

Figure 9 The surface wettability of aerogels. a Water contact

angle data of the aerogels. b Images of A70-30 moves upward

until it touches the water droplet, hold for 10 s, then moves

downward until it leaves the water droplet. c Images of A70-30

with the droplet of water (blue) and n-hexane (red).
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[18] Maleki H, Durães L, Portugal A (2014) An overview on

silica aerogels synthesis and different mechanical reinforcing

strategies. J Non Cryst Solids 385:55–74. https://doi.org/10.

1016/j.jnoncrysol.2013.10.017

[19] Linhares T, Pessoa de Amorim MT, Durães L (2019) Silica
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