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Highly porous hydrophilic silica aerogels (SAs) are potentially excellent adsorbents

in aqueous media, which are generally synthesized via a standard sol–gel method

followed by the relatively complex and specialized high pressure–requiring supercritical

fluid drying process. Herein, a facile and novel synthetic method applying ambient

pressure–drying technology for the rapid preparation of hydrophilic SAs is reported, and

they are simply soaked with metal cation solutions without the need of traditional surface

modification or supercritical fluid drying process. Chemical and physical properties

of the hydrophilic SAs were characterized and compared with a trimethylchlorosilane

(TMCS)-modified hydrophobic silica aerogel. In addition to the integrity and low shrinkage

of the as-prepared products, Fourier transform infrared (FTIR) spectra and integrated

thermal analyzer (ITA) results revealed the presence of hydroxyl groups as well as the

absence of multitudinous hydrophobic groups on the silica surface after soaking. Field

emission scanning electron microscope (FE-SEM) and Brunauer–Emmett–Teller (BET)

measurements confirmed the mesopores inside the aerogel skeleton. Among the tested

metal cations, the Mg2+-soaked SAs demonstrated the best pore properties (pore

diameter 9.35 nm and pore volume 1.09 cc/g), and the Fe3+-soaked ones got the

biggest surface area (855.62 m2/g) in contrast to other metal cations. Rhodamine B and

Methylene blue solutions are used to check the absorption ability of the SAs in aqueous

media, in which the best adsorption capacity for Rhodamine B and Methylene blue

reached 2.8 and 40.4 mg/g, respectively, implying their potential application in aqueous

pollutant removal.

Keywords: hydrophilic silica aerogel, metal cations, ambient pressure drying, mesopores material, aqueous dye

removal

INTRODUCTION

Organic dyes, which are widely used in the textile, paper, and cosmetics industries, have been
considered as one of the major pollutants in wastewater (Cheng et al., 2014; Yu et al., 2015). To
remove the organic dye pollutants from water, physical absorption is a potentially efficient and
economical method (Santhy and Selvapathy, 2006; Dawood and Sen, 2012). Recently, silica aerogels
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(SAs) with extraordinary physical properties, such as extremely
light weight (Bag et al., 2009; Wu et al., 2018), low thermal
conductivity (Ryan et al., 2000; Wa et al., 2015; Yang et al., 2015;
Zhao et al., 2015; Liu et al., 2017), large specific surface areas,
and high porosity (Kota et al., 2014; Yang et al., 2017; Feng
et al., 2018), have become well-known as excellent adsorption
materials. The large surface area and high porosity can make dye
molecules quickly transfer to the surface of SAs, thus accelerating
the adsorption process. Additionally, their performance can be
easily altered through modification of different functional groups
or doping of various catalysts. For example, Liu et al. (2016)
obtained a photocatalytic SiO2 aerogel by modifying WxTiO2

nanocomposite nanoparticles for the removal of RhB fromwater.
Štandeker et al. (2011) prepared novel SAs with mercaptan
functional groups through supercritical drying with CO2, which
exhibited excellent adsorption ability toward Cu (II) and Hg
(II). Han et al. (2016) compared the adsorption capacity of
hydrophobic and hydrophilic SAs toward organic dyes. However,
SAs are rarely used in aqueous pollutant removal owing to
the limitations of the energy-consuming and costly supercritical
drying technology (Sarawade et al., 2007; Pierre and Rigacci,
2011; Zhou et al., 2018).

Recently, great efforts have been made to exploit the
relatively versatile and economical ambient pressure–drying
(APD) technology (Rao et al., 2007; Kim et al., 2008; Hu et al.,
2016; Gunay et al., 2018). The employment of organosilane
reagent can significantly avoid shrinkage and destruction of the
monolithic structure of SAs caused by capillary force during the
APD process (Wang et al., 2014; Gunay et al., 2018). However,
owing to this hydrophobic modification process, APD-obtained
SAs are exclusively hydrophobic, which makes them unsuitable
for aqueous applications, such as dye removal (Soleimani
Dorcheh and Abbasi, 2008; Shao et al., 2013). Moreover, this
modification process is not only time-consuming, but the
organosilane reagents are also costly and may lead to a secondary
pollution (Jeong et al., 2000; Yin et al., 2017). Therefore, it is
still a great challenge to develop an economical and eco-friendly
procedure for the manufacturing of hydrophilic SAs (Huang Y.
D. et al., 2016; Maleki and Hüsing, 2018).

Herein, we report a facile surface hydroxyl modification
method for the synthesis of hydrophilic silica aerogel monoliths
by simply applying metal cations as the soak solutions followed
by a modified APD technology. This method could not only
exempt the utilization of organosilane reagents as well as the
hydrophobic modification course, but also shorten the modifying
time from 2 days to 1 day. Moreover, the hydrophilicity and
porosity of the as-prepared SAs were utilized to absorb organic
dyes from aqueous media. The adsorption capacity of the
metal cation–modified SAs makes them potential absorbents for
aqueous environmental treatment.

EXPERIMENT

Materials and Chemicals
Tetraethoxysilane (TEOS), n-hexane (≥97.0%) and N, N-
dimethylformamide (DMF) (≥99.5%) were purchased
from Tianjin Damao Chemical Reagent Company, China.

Ethanol (EtOH, ≥99.7%), ammonia (NH3·H2O, 25%)
came from Guangdong Guanghua Sci-Tech Co. Ltd. and
trimethylchlorosilane (TMCS, ≥99.7%) from Macklin Reagent
(Shanghai). Ferric chloride was supplied by Guangzhou
Panyu Liqiang Chemical Reagent Company, China; calcium
chloride by Guangzhou Chemical Reagent Company, China;
barium chloride, magnesium chloride, and copper chloride
by Fuchen Chemical Reagent Company, China; and hydrogen
chloride by China Sinpharm Chemical Reagent Company. All
chemicals were AR grade and used without further purification
unless noted.

Synthesis of Metal Cation Impregnated
SiO2 Aerogels
In a typical two-step sol–gel process, the silica wet gels were
generated from TEOS, deionized water, EtOH, and DMF (Rao
et al., 1999). The precursor and solvents were charged into
a 250mL round-bottom flask under constantly stirring at a
fixed molar ratio of TEOS:EtOH:H2O:Hydrochloric acid (0.1
mol/L):DMF equal to 1:5:3:1.6 × 10−3:0.75. The mixture was
stirred for 1 h at 65◦C, cooled down to room temperature, and
then transferred into a 250mL beaker, where 1.3mL NH3·H2O
(0.5M) was slowly added into the sol while stirring. After being
stirred for another 3min, the agitator was switched off to prevent
turbulence and the beaker covered to let the wet gel form steadily
at room temperature within 15min. After aging in EtOH twice in
24 h, the silica gel was soaked in 0.03 mol/L metal salt solutions
at the same temperature for 1 day. Afterward, the loaded wet gels
were immersed in n-hexane four times in 12 h to exclude water
inside the pores. Subsequently, the as-prepared gel was gradually
dried at room temperature for 1 day, 60◦C for 4 h, and 100◦C
for 2 h to avoid temperature shock and shrinkage. In order to
compare the N2 adsorption performance of the hybrid aerogels
with conventional hydrophobic SiO2 aerogel, a TMCS-modified
silica aerogel was also prepared via a similar sol–gel procedure
and APD process. Silica aerogels soaked with different metal ions
or modifiers were marked as S1 (Ni2+), S2 (Ba2+), S3 (Cu2+), S4
(Fe3+), S5 (Ca2+), S6 (Mg2+), and S7 (TMCS), respectively.

Characterization
All the samples were dried at 100◦C for at least 5 h before
doing BET, TG, and SEM tests, which were performed at room
temperature unless otherwise specified. The volume shrinkage
of samples was calculated by comparing the change between the
volumes of the wet gel and the aerogel. Composite aerogels were
ground into subtle powder with KBr and pressed into disks to
study their chemical bond information using Fourier transform
infrared spectroscopy (FTIR) (Nicolet6700, Thermofisher, USA).
Oxidation of the organic groups (-CH3) on the silica surface was
characterized by means of thermogravimetric analyses (TGA)
(STA 409 PC, NETZSCH, Germany) with a heating rate of
10◦C/min under an air flow from 25◦C up to 800◦C. The
values of their specific surface area, pore volume, N2 gas
adsorption–desorption isotherm, and pore size distribution of
the hydrophobic and hydrophilic SAs were determined by a
Brunauer–Emmett–Teller (BET) N2 gas adsorption/desorption
apparatus (TriStar II plus, Micromeritics, USA) via weighing
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about 100mg of powder at 77K in liquid nitrogen. The pore
size distribution originated from the desorption branch of the
nitrogen adsorption isotherm by using the Barrett–Joyner–
Halenda (BJH) model with a total test time of 24 h. Before
the BET and BJH measurement, the as-prepared aerogels were
pretreated at 100◦C for 6 h under vacuum. The microstructures
of the SAs were investigated using a field emission scanning
electron microscope (FE-SEM, SU8010, Hitachi). Mgmapping of
the fracture surface of the sample was employed to investigate
distribution of magnesium on the silica phase throughout
the structure.

Adsorption Activity Test
Methylene blue (MB) was used for evaluating the adsorption
capability of metal ion/SiO2 composite aerogels. First, 0.12 g
SAs (ground for 20min in a mortar) were added into 100ml
MB solution (40 mg/L). During the adsorption experiment,
the MB solution was stirred in a dark chamber for an hour
at room temperature. The upper clear supernatant liquid was
taken after a centrifugal separation process at certain intervals.
Then the optical absorbance of the obtained clear liquid was
characterized by UV–Vis spectrophotometer (UV759 GD) at
wavelength 554 nm for RhB and 664 nm for MB. Finally, the
concentration of MB solution varied following adsorption time,
which can be determined according to the standard relationship
curve between the absorbance and concentration of standardMB
solution. The procedure for Rhodamine B (RhB) absorption was
exactly the same as for MB.

The adsorption stability of the composite was studied by
reusing the same composite material in eight batches of the
adsorption experiments. In all eight batches, 100ml of an
aqueous dye (40 mg/L) solution was mixed with 0.12 g of
the aerogel and stirred in a dark chamber for an hour at
room temperature. The SAs used in the first experiment were
subsequently removed from the solution by centrifugation and
washed with methanol and deionized water. The washed aerogel
was then dried and reused in the second batch of absorption
experiments and so on.

In order to discuss the controlling mechanism of the
adsorption process, different kinetic models, i.e., pseudo-first-
order, pseudo-second-order, and intra-particle diffusion models,
were used to evaluate the experimental data. The linear forms of
these three models can be, respectively, expressed as

ln(qe − qt) = lnqe − k1t (1)
t

qt
=

1

k2q2e
+

t

qe
(2)

qt = kid t0.5 (3)

where qe and qt are the amount of RhB or MB adsorbed on SA
powders (mg g−1) at equilibrium and at time t, respectively, and
k1 (min−1), k2 (g·mg−1 min−1), and kid (mg g−1 min−0.5) are the
adsorption rate constant of first-order adsorption, second-order
adsorption, and intra-particle diffusion models, respectively. The
theoretical values of the adsorption capacity were calculated from
the slopes and intercepts of the plots of ln(qe − qt) vs. t, t/qt vs. t,
and qt vs. t0.5 (Huang X. et al., 2016).

RESULTS AND DISCUSSION

The synthesis routes of different metal cation–soaked SAs and
TMCS-modified SA are shown in Scheme 1. It can be clearly
seen that, besides the similar sol–gel process, the most significant
difference lies in the treatment of the aged gels. For the TMCS-
modified SA, 24 h is needed for the solvent exchange and another
24 h for the surface modification, and the metal cation–soaked
SAs only need 24 h altogether, which significantly decreases
the preparation time. It can be clearly seen that the metal
cation–soaked SAs show favorable monolithic properties with
low shrinkage after the APD process, which allows them be easily
recovered from aqueous solution. In the meantime, the integrity
of the TMCS-modified SA is destroyed, resulting in pieces of
aerogels several centimeters in diameter.

The micro-structures of the composite aerogels were
confirmed by field emission scanning electron microscopy
(FE-SEM). Usually, the mesopores in the SAs are damaged to a
certain degree because of the surface tension–caused shrinkage
if no hydrophobic modification is applied before the APD
procedure. As shown in Figure 1, all the samples exhibited
porous structures, which are consistent with structures of
nano-scale SiO2 particles, resulting in sponge-like FE-SEM
micrographs. The differences in micro-morphologies among the
composite SAs could possibly be ascribed to diverse formation
mechanisms of the nanoporous networks affected by different
metal ions, just like the surface hydrophobic modification
effect of TMCS. Moreover, this morphology is consistent with
that of a typical mesoporous silica aerogel with highly porous
structures. Such a morphology implies a metal ion–induced
reinforcement of the three-dimensional framework, which is in
good accordance with the BET analysis demonstrated later.

The porosities of the SAs were investigated by nitrogen
adsorption–desorption isotherms (Figure 2A). Because the shape
of a hysteresis loop was usually determined by the pore
properties, a lot of information about the pore character can be
explored from the isotherms. The isotherms of samples S2 (Ba2+)
and S3 (Cu2+) exhibit a typical adsorption/desorption curve
of microporous materials according to their narrow hysteresis
loops, which are most probably due to collapses and shrinkages
in the frameworks, implying that the SAs obtained with Cu2+ or
Ba2+ do not have significant enhancement effect (Hwang et al.,
2008). The physisorption isotherms of samples S1 (Ni2+) and
S6 (Mg2+) are Type IV, which is one of the most significant
characteristics of mesoporous materials, and are similar to
aerogels prepared via supercritical drying technology (Hou et al.,
2018). For S1 (Ni2+) and S6 (Mg2+), the first inflection point
appeared at a relative pressure of 0.50 while the adsorption
reached saturation at around 0.95, indicating a relatively uniform
and narrow pore size distribution with tubular cylinder opening
at both ends because of the capillary condensation in the SAs
according to literature (Pierre and Rigacci, 2011). As for samples
S4 (Fe3+), S5 (Ca2+), and S7 (TMCS), the first inflection point
emerged at about 0.85. The large hysteresis loops shown for
samples S4 (Fe3+), S5 (Ca2+), and S7 (TMCS) tally with an H1
type, which represents the existence of an ink-bottle shape in
the cross-linked skeleton, indicating that the cations Fe3+ and
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SCHEME 1 | Schematic chart for the systematic preparation of various metal cation–immersed silica aerogels and TMCS-modified silica aerogel and their

optics images.

FIGURE 1 | FE-SEM analysis of composite SAs soaked with different reagents: (A) S1 (Ni2+), (B) S2 (Ba2+), (C) S3 (Cu2+), (D) S4 (Fe3+), (E) S5 (Ca2+), (F) S6

(Mg2+), and (G,H) S7 (TMCS).

Ca2+ might have a similar enhancement to the gel skeletons as
TMCS. This is most probably due to their interactions with the
adjacent -OH groups on the gel surface, leading to a decrease of
surface tension during the drying process. The results imply that
the existence of Fe (III), Mg (II), Ca (II), and Ni (II) in the gel
framework has a significant enhancement on the pore structure
of the resulting aerogels during APD.

The specific surface areas, pore volumes, and average pore
diameters of the SAs were derived from BET measurements as
listed in Table 1. The difference in specific surface areas among
these SAs is possibly due to the roughness of the surface as
seen from SEM. The specific surface areas of the SAs all ranged

between 400 and 900 m2/g, where the Fe3+-modified sample
S4 displayed the highest specific surface area (∼855 m2/g), and
the sample soaked with Mg2+, S6, got the largest pore volume
comparing to others. The pore size distributions (PSDs) of the
composite aerogels were analyzed on the basis of the absorption
branches of the isotherms as illustrated in Figure 2B. For all the
samples S1–S7 narrow PSDs with peaks of pore diameter between
3.5 and 10 nm were discovered, indicating that the mesopores
remained after the APD process. Among them, S4 (Fe3+) has the
narrowest and most uniform pore size distribution while samples
S2 (Ba2+) and S3 (Cu2+) displayed particularly low cumulative
pore volumes and irregular PSDs with an unnoticeable pore
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FIGURE 2 | N2 adsorption/desorption isotherms (A) and pore size distributions (B) of the composite silica aerogels.

diameter peak of 3.5 nm compared to other samples, most
probably due to shrinkage of the framework. In addition, the
PSDs of samples S1 (Ni2+) and S6 (Mg2+) are wider than
others. For the TMCS-modified sample S7, moderate pore size
distribution with a peak of diameter at 4.5 nm was obtained.
These results demonstrate that the pore size distribution of the
SAs could be tuned by changing of the metal cation.

The chemical bonding information of the SAs modified by
different types of metal salts and TMCS were studied using FTIR
spectra as shown in Figure 3A. The strong absorption peaks
at 3,480 and 1,610 cm−1 in spectra of S1–S6 correspond to
hydroxyl (-OH) stretching vibration, demonstrating that these
composite aerogels absorb water in the air and exhibit strong
hydrophilicity while the hydrophobic sample S7 (TMCS) only
showed weak absorption peaks of Si-OH at ∼980 cm−1 (Al-
Oweini and El-Rassy, 2009; Hilonga et al., 2009). The strong
absorption peaks of Si-O-Si bonds appeared at around 492 and
1,100 cm−1 in all these spectra belonging to the silica network,
indicating that TEOS hydrolyzed successfully and formed cross-
links, which are typical features of SAs. For sample S7 (TMCS),
an absorption peak at 2,990 cm−1 associated with the terminal
–CH3 group and vibration peaks of Si-C at 1,280, 840, and 766
cm−1 were observed, rooting from surface modification with
TMCS (Bhagat et al., 2007). The absence of -CH3 groups in
the IR spectra of samples S1–S6 further proved that they were
dried without any methyl modification (Bangi et al., 2009). As
shown in Figure 1, the composite aerogel prepared with TMCS
exhibited good hydrophobicity and light weight, which could
float on water while the aerogel treated with Mg2+ submerged
into water quickly owing to its hydrophilicity.

Thermogravimetry analysis (TGA) was performed from 30
to 800◦C to study the thermal stabilities of selected samples.
The majority of weight loss for composite SAs soaked with
different metal ions was observed before 200◦C as depicted
in Figure 3B, revealing that water or residual organic solvents
are being removed following elevated temperature in the

framework. Although these samples were dried in an oven for
a period of time, the SAs also demonstrated a strong water
absorption property according to weight loss of 30% before
200◦C. Additionally, no evident weight loss of over 8% was
observed after 200◦C, representing the absence of organic groups’
decomposition, which is consistent with their hydrophilicity
as proved by FTIR. Meanwhile, the side product—ammonium
chloride (NH4Cl)—contained in the sample disappeared because
of pyrolysis between 100 and 300◦C, which would contribute
to partial weight loss of the aerogels (Pan et al., 2017). Because
of the difference in binding ability between aerogels and metal
ions, the results of weight loss display disparity possibly due to
conversion of different content of various metal ions to metal
oxides at higher temperatures. Quite on the contrary, sample S7
(TMCS) only showed a negligible weight loss (only about 3%) at
temperatures below 250◦C but dramatic weight loss of more than
10% was detected after temperature reached 300◦C, which could
be assigned to the oxidation of organic groups (–CH3) attached
on the silica surface (Cheng et al., 2017). The curve gradually
tends to be steady when the temperature is higher than 500◦C,
indicating that the decomposition of –CH3 basically completed.
In general, the weight loss of sample S7 (TMCS) between 30 and
800◦C is lower than the other samples. Thus, the SAs with metal
ion content had more hydroxyl functional groups than TMCS-
modified SA, showing strong hydrophilic properties, which can
be according to FTIR analysis.

To further understand the distribution of metal ions inside the
aerogel frameworks, the Mg2+-soaked aerogel with the largest
pore volume and biggest pore diameter of all the samples was
chosen to undergo Mg mapping analysis, in which the metal ion
was found to be evenly distributed on the aerogel right after the
APD procedure (Figure 4A). The Mg mapping still looks good
even after the sample was immersed in water for a whole day
(Figure 4B), indicating that the metal ions were strongly adhered
to the silica network. Based on this, a tentative ion coordination
with the composite aerogel was proposed using Cinema 4D as in
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TABLE 1 | Pore properties of TEOS-originated ambient pressure–dried SAs soaked with various reagents.

Sample Soaking reagent Volume

shrinkage

(%)

Pore

diameter

(nm)

Surface

area

(m2/g)

Pore volume

(cc/g)

S1 Ni2+ 15.2 6.88 530.81 0.91

S2 Ba2+ 25.6 2.86 713.65 0.52

S3 Cu2+ 29.5 2.90 652.83 0.47

S4 Fe3+ 25.5 3.70 855.62 0.80

S5 Ca2+ 18.4 5.09 504.78 0.64

S6 Mg2+ 16.7 9.35 468.18 1.09

S7 TMCS 19.6 4.87 650.44 0.84

FIGURE 3 | FTIR spectra (A) and TGA curves (B) of SAs prepared with various metal ions and TMCS.

Figure 4C. During the soaking phase, the metal ions participate
in the connection between the Si-OH groups and the water
molecules, which would combine with the hydroxyl groups on
the inner wall of the silica tunnel, forming a protective layer
to reduce surface tension during the APD stage. Following this
hypothesis, other metal ions might also bind to the silica aerogel
skeletons through a similar coordinated network. Moreover, the
strong water absorption performance represents existence of
abundant Si-OH groups on its surface. This result reflected that
metal ion has a supporting effect on the SAs skeleton.

Finally, MB and RhB solutions are utilized to test the
adsorption capacities of these SAs. Figures 5A,B shows the
adsorption capacity of sample S6 (Mg2+) and the comparison
between S6 (Mg2+) and S7 (TMCS) for different dyes. In
contrast with S6 (Mg2+), the amount of MB and RhB in
solution decreased inconspicuously as the sample S7 (TMCS),
mainly due to the obstruction from hydrophobic groups of
aerogels. As shown in Table S1, all the metal ion–modified SAs
exhibited much better absorbability than the TMCS-modified
sample. Compared to the absorption capacity of different SAs,
the samples S2 and S6 showed the better adsorption ability.
Obviously, the adsorptive capacities of the aerogels not only
depend on their surface properties, such as specific surface

areas and pore volumes or diameters, but are also related to
other factors, including the hydrophilicity of the adsorbents
and/or interactions between the surface and the adsorbates.
For the TMCS-modified sample S7, being hydrophobic already
determined its poor performance in an aqueous media. Among
the metal ion–modified SAs, all except S3 (Cu2+) exhibited
nearly equally good absorbability toward MB (between 35 and
40 mg/g), which decreased sharply for the treatment of RhB
(1.5–3.0 mg/g). The appearance of sample S3 (Cu2+) may be
attributed to the competitive adsorption between copper ions
and MB ions, affected by fixed total initial concentration of
Cu2+ and MB on the adsorption capacity of each adsorbate
interfering with the uptake of another following the decrease
of total adsorbate uptake in the same system (Wu et al., 2009).
The superior absorbability toward MB could be attributed to the
fitness between the aerogel pores and MB molecules. The 3-D
network of the aerogel exhibits higher preferential adsorption
than that of RhB because of the following reasons: First, the large
surface-to-volume ratio of the 3-D composite aerogel might give
rise to more potential adsorption sites to adsorb dye molecule.
Second, the SAs have a high surface-to-volume ratio, large
accessibility, and appropriate size of pores for the MB molecule
to adsorb and enter into the porous structure, which results in
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FIGURE 4 | (A) Mg mapping of the Mg2+-soaked silica aerogel (S6) after the APD procedure, (B) Mg mapping of S6 after water treatment for 1 day, (C) proposed

mechanism for the support from metal ions onto the SA tunnels.

the higher preferential absorptivity for MB. Third, the different
metal ions on the silica surface, the positive charge of ions, and
their different orbital layers have impacts on the formation of
pore structure and also affect the adsorption mechanism because
of covalent electron pair formation between the adsorbate and
adsorbent SAs (Wang et al., 2016). However, the dye adsorption
capacity of SAs has less than in previous literature (Han et al.,
2016). Because the SAs with negative charge mostly adsorb metal
ions with positive charge density by electrostatic effect during
the soaking process, the result for the decrease of dye adsorption
ability is attributed to a competitive relation between cationic dye
and metal ions.

The fitted kinetic parameters of S6 (Mg2+) are shown in
Figures 5C,D, and the related linear regression analysis is
shown in the SI. Combined with the fitting parameter R2, the
highest correlation coefficient value of the pseudo-second-order
model can better describe the kinetic adsorption behavior in
the progress.

Due to rigorous ecological and commercial demands for
sustainability, repeated reuse of adsorbents is an important
parameter for routine applications. In order to significantly
reduce the overall cost of adsorption process, an adsorbent
should not only have high adsorption capability, but also good
desorption properties. From Figure 6, it is evident that the

adsorption efficiency of the aerogels is retained even after the
eighth cycle of reuse. Reusability of S6 essentially establishes that
this material has enough potential for industrial applications.

CONCLUSIONS

In summary, TEOS-originated hydrophilic SAs were directly
prepared via APD process applying various metal ion solutions as
the modifying reagents. The as-prepared samples demonstrated
excellent hydrophilicity with specific surface areas and pore
properties as good as—if not better than—the TMCS-modified
hydrophobic aerogels. They were successfully utilized for
adsorption of organic dyes in aqueous media. Not surprisingly,
lower adsorption ability than average SAs were obtained,
probably due to a competition between metal ions and organic
dyes inside the porous framework. Besides being potential
candidates for aqueous pollutant removal, the existence of
abundant -OH groups on the silica pore surface also enables them
for various post-modifications, such as adoption of functional
groups and/or catalysts, formation of hydrogen bonding, etc.
However, the existence state of metal ions in the adsorbent as well
as the actual interaction mechanism between the metal ions and
the aerogel framework are still under further exploration.
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FIGURE 5 | The adsorption ability of samples S6 (Mg2+) and S7 (TMCS) for different adsorbate (A) Methylene blue, (B) Rhodamine B; Pseudo-second-order for the

adsorption of sample S6 (Mg2+) with different adsorbate (C) MB, (D) RhB.

FIGURE 6 | The reusability of samples S6 (Mg2+) and S7 (TMCS) for different adsorbate (A) Methylene blue, (B) Rhodamine B.
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