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Abstract
Since caustic dyes are a major component of wastewater used in printing and dyeing, they represent a significant risk to human
health. It’s getting harder to get rid of them efficiently. An appealing solution to this issue is adsorption based on biomass material
aerogel. Here, using the sol-gel process and freeze-drying, an inventive three-dimensional porous aerogel (STA) was created using
sodium alginate (SA) and TEMPO-oxidized cellulose (TOC) as raw materials, with the dual cross-linking effects of
glutaraldehyde (GA) and Ca2+. Various characterization approaches and analytical methods were used to study STA. The results
indicated that the addition of TOC resulted in the excellent pore structure, thermal stability, charge characteristic and adsorption
capacity of STA. The adsorption capacity of STA was investigated by selecting crystalline violet (CV) as a typical cationic dye.
Thereafter, the adsorption capacity was comprehensively analyzed by varying temperature, pH and adsorption time. The
adsorption process conformed to the pseudo-second-order kinetic model, and the Langmuir isothermal adsorption model has a
better fit, which was a single-molecule layer chemisorption process. The highest adsorption capacity reached 505.9 mg/g.
Moreover, STA also possessed outstanding competitive adsorption capacity and cyclic adsorption performance.
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Highlights
● Sodium alginate and TEMPO-oxidized cellulose were combined innovatively, and the application scope of bio-based

materials was expanded.
● A double cross-linking reaction was achieved in the presence of Ca2+ and glutaraldehyde.
● The largest porosity reached 95.6% as a result of the three-dimensional porous structure.
● The maximum adsorption capacity for CV reached 505.98 mg/g. Recycling times and competitive adsorption capacity

are excellent.
● The thermal stability was enhanced to some extent due to the addition of TOC.
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1 Introduction

The more rapid growth of society has coincided with the
flourishing of industrial development [1]. Simultaneously,
major environmental problems have been brought about by
the wastewater overflow from industrial activity [2]. Waste-
water from printing and dyeing operations is one of the main
sources of this hazardous wastewater, which has a significant
carcinogenic effect and a large amount of released organic
contaminants [3]. Because most organic dyes have cyclic
structures, they are difficult to remove and stable in water
bodies [4]. The main methods for treating dying wastewater
include chemical coagulation, solvent extraction, biochemical
treatment, membrane separation, adsorption, and other meth-
ods [5]. The adsorption process includes exposing a porous
adsorbent to wastewater and then transferring the pollutants to
the adsorbent via physical or chemical adsorption [6]. This
method is extremely efficient, easy to use, affordable, good at
recycling, green, and pollution-free. It may also remove con-
taminants that are difficult for biodegradation [7]. Thus, one of
the most effective and innovative ways to deal with the sig-
nificant environmental problem is adsorption [8].

Due to its exceptional qualities, including its extremely
low density, ultra-high specific surface area, and good che-
mical stability, aerogel has been used extensively as a three-
dimensional porous material in sensors, energy storage,
electromagnetic shielding, flame retardant, medical materi-
als, supercapacitors, and other fields [9]. Additionally,
aerogel has demonstrated potential for use in the adsorption
field [10]. Because of its high specific surface area, robust
adsorption capacity, and quick adsorption rate, it is regarded
as one of the most effective adsorption materials [11]. Even
so, the usage of high-performance activated carbon materials
has been severely constrained by their high cost and non-
biodegradability [12]. Therefore, it is critical to produce
plentiful, affordable, and environmentally friendly adsorbent
materials. Bio-based materials adsorbents in particular have
drawn significant interest due to their biocompatibility, high
degradability, and cheap cost [13].

SA is a helpful marine polysaccharide that is widely used
in the food, medical, and water treatment sectors, among
others. It is created through the microbial fermentation of
certain bacteria found in brown algae, including seaweed,
kelp, bay grass, and vesicular algae [14]. It is also widely
used in the adsorption sector because of its great biode-
gradability, good biocompatibility, eco-friendliness, and low
cost [15]. SA-produced aerogel is often considered one of
the best options for removing dye contamination from water
bodies because of its abundance of carboxyl (-COOH) and
hydroxyl (-OH) groups that could link to dye molecules
[16]. Nevertheless, pure SA aerogels have poor mechanical
and thermal stability, which limits their application in water
treatment [17]. Through alteration, SA’s stability and

adsorption capacity can be increased and its use in water
treatment can be expanded [18].

Apart from its low density, strong strength, and excellent
dispersibility, cellulose is a bio-based material that is parti-
cularly abundant and renewable [19]. The high -OH content
of cellulose and its derivatives makes them useful for filtering
out impurities from water. Although both SA and nano-
cellulose are bio-based materials, SA aerogel is more
advantageous to employ because of the greater performance
of cellulose nanofiber (CNF) [20]. through the use of ionic
cross-linking and bidirectional freeze-drying to combine CNF
and SA. Liu [21] created a CNF/SA aerogel with remarkable
mechanical properties and a large adsorption quantity. Yang
[22] employed CNF that had been bidirectionally frozen and
strengthened with SA aerogel. The experimental study
showed that the synthesized aerogel owned outstanding
elasticity and the adsorption capacity was increased. Chemical
cross-linking and silane modification were carried out.

TOC is one of the most significant components of CNF.
In addition to its large specific surface area, mechanical
properties, water solubility and biodegradability, it has other
unique qualities. The most notable of these is that it is rich
in -COOH and -OH, making it extremely hydrophilic and
easily adsorbs cationic dyes. The opportunity exists to
increase the tensile strength and adsorption capability of SA
adsorbent materials with the addition of TOC [23].

In this study, we used two more common bio-based mate-
rials as precursors and then skillfully combined them by double
cross-linking. The abundant carboxyl groups can better adsorb
the cationic dyes and thus have a higher adsorption capacity.
This is a novel idea in the field of biobased material aerogels.

Consequently, using a sol-gel method, a three-dimensional
porous aerogel containing SA and TOC as the matrix and
Ca2+ and GA as the cross-linking agents allowed for a thor-
ough examination of the reaction process. Following that,
various analytical techniques were used to examine the
microstructure, chemical characteristics, thermal stability,
porosity, and charge characteristic of STA. Furthermore, a
thorough examination of STA’s adsorption performance was
conducted by the modification of experimental parameters and
the use of kinetic and adsorption isotherm models. At the
conclusion of this work, the competitive experiment, the cyclic
adsorption experiment, and the adsorption process were also
covered. As a result, a theoretical foundation for STA’s
extensive applicability was created.

2 Experimental section

2.1 Materials

SA (M/G ratio 1.5–1.7) was bought from Shanghai McLean
Biochemical Technology Co., Ltd; TEMPO-Oxidized
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nanocellulose (92.53% cellulose and 7.47% hemicellulose,
Length of 20–30 μm, diameter of 15–25 nm, the degree of
oxidation was as high as 91%. Derived from natural wood
pulp plant fiber) was obtained from Shanghai Naicheng
Biotechnology Co., Ltd; Glutaraldehyde was provided by
Shanghai Yinghan Chemical Technology Co., Ltd;
D-gluconic acid δ-lactone (GDL) was obtained from
Shanghai Zhonghe Chemical Technology Co., Ltd; Calcium
carbonate was obtained from Shanghai Naicheng Bio-
technology Co., Ltd; Hydrochloric acid (HCl) and sodium
hydroxide (NaOH) are obtained from Shanghai McLean
Biotechnology Co., Ltd., crystal violet was provided by
Shanghai Naicheng Biotechnology Co., Ltd., The materials
are all analytical grade and do not need further treatment.
Deionized water is prepared by our own lab.

2.2 Preparation of STA

Firstly, 10 g of SA solution with 2 wt% concentration and
TOC solution with different concentrations were configured
and stirred at 25 °C for 1 h. Then the two solutions were
mixed and 0.5 mL of GA with a concentration of 50% was
added and stirred continuously for 1.5 h to form a homo-
geneous co-mingled liquid named A. Next, 0.1 g of GDL
was introduced into to A and stirred continuously for
30 min and sonicated for 30 min to obtain co-mingled liquid
named B. Afterwards 0.05 g CaCO3 was weighed and
added to solution B, stirred uniformly to obtain a homo-
geneous mixed liquid named C. Next, C was quickly poured
into the mold and left for 1 h to fully react, then deionized
water was used to wash several times to remove excess
Ca2+ named D. Thereafter, D was cryogenically frozen for
24 h, followed by freeze-drying at −50 °C for 48 h to obtain
a porous aerogel named STA. Depending on the

concentration of TOC, they are named STA-x. For example,
STA-0.25 means the concentration of TOC is 0.25%. The
aerogel without the addition of TOC was synthesized fol-
lowing similar steps as above and named SA/GA. The
synthesis procedure of STA was presented in Fig. 1a.

2.3 Characterizations

The molecular structure of the aerogels was analyzed by using
a Fourier transform infrared (FTIR) spectrometer, model
Nicolet iS50, manufactured by Thermoelectric Corporation,
USA. The crystal type of aerogels was analyzed by using an
X-ray diffractometer (XRD) model Ultima IV manufactured
by RIKEN, Japan, with a scanning speed of 4°/min and an
angular range of 5 to 75 degrees. The samples were analyzed
by using an X-ray photoelectron spectrometer (XPS) model
AXIS-ULTRA DLD manufactured by Shimadzu Corporation,
Japan. The microstructure of the aerogel was studied by using
a scanning electron microscope (SEM) model S-4800N from
Hitachi, which required gold spraying prior to testing. The
thermal stability of the aerogels was determined using a
thermogravimetric chromatography-mass spectrometer (TG)
model TG209F1-GC from NETZSCH, Germany. The poten-
tial of aerogels was analyzed by using a multi-angle particle
size and Zeta potential analyzer model STABINO from Ger-
many, and the material was subjected to high-speed shear
treatment prior to the test. The absorbance of different solu-
tions was measured by UV-Vis spectrophotometer (UV-5200
Shanghai Yuanxi Instruments Co., Ltd.).

2.4 Density and porosity tests

Because of rich pore structure, the density of aerogel has
two kinds of density, the body density and the skeleton

Fig. 1 a Preparation process of STA; (b) Structural formula of SA and TOC; (c) Reaction mechanism of synthesized STA
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density. The bulk density is calculated by the following
equation:

ρb ¼ m0=v ð1Þ
In the above equation, ρb represents the bulk density, m0

indicates the mass of the aerogel to be measured, and v
denotes the volume of the aerogel to be measured.

The aerogel skeleton density is tested by the specific
gravity bottle method. It is calculated by the following
formula:

ρs ¼
m0

M1 þ m0 �M2
ð2Þ

ρs represents the skeleton density, m0 shows the mass of the
aerogel to be measured, M1 is the mass of the specific
gravity bottle and water, and M2 indicates the total mass of
the specific gravity bottle and water after adding the sample
to be measured [24]. Each operation was repeated three
times and the average value was taken.

The porosity can be calculated by the following equation:

P ¼ ð1� ρb
ρs
Þ � 100% ð3Þ

In this equation, P represents porosity, ρb denotes bulk
density, ρs indicates skeleton density.

2.5 Adsorption experiments

In an attempt to research the adsorption capacity of STA as
an adsorbent for cationic dyes, we selected CV (C25H31N3)
as a typical dye contaminant for a systematic adsorption
experimental study. Firstly, a standard curve was plotted
and a concentration of 1000 mg/L of CV solution was
configured. Then a certain amount of CV master batch was
weighed and diluted to 2 mg/L, 4 mg/L, 7.5 mg/L, 8.0 mg/L,
and 10.0 mg/L. Its absorbance was measured using an UV-
vis spectrophotometer in the wavelength range of
200–850 nm, respectively.

To investigate the influence of various experimental
conditions on the adsorption performance, it was necessary
to change the experimental conditions for the adsorption
experiments [25]. Firstly, 20 mg of STA was selected as the
adsorbent and 100–150 mL of dye solution was used as the
contaminant. Then the effects of ambient temperature
(10–50 °C), adsorption time (30–900 min), pH (2–11) and
different initial concentrations (100–500 mg/L) on the
adsorption effect were investigated separately. The system
needed to be shaken during the adsorption process to
achieve adequate adsorption. The pH of the solution was
adjusted by 0.1 mol/L HCl and 0.1 mol/L NaOH, respec-
tively. Before and after adsorption, the absorbance of the
upper liquid was measured using an UV-Vis spectro-
photometer and the concentration was concluded from the

standard curve so that the adsorption amount could be
derived [26]. The adsorption kinetic curves and adsorption
isotherms were plotted based on the above experimental
results. Cyclic adsorption experiments are performed by
washing and freeze-drying the adsorbed aerogel with dilute
acid and deionized water before performing the next set of
experiments, Cyclic adsorption experiments were per-
formed in a solution of pH= 7 and C0= 150 mg/L when
the ambient temperature was 30 °C [27].

For the adsorption experiments, the adsorption volume
and the adsorption rate can be calculated by the below
equations:

Qe ¼
ðC0 � CeÞ � V

M
ð4Þ

Re ¼ C0 � Ce

Ce
ð5Þ

In the above two equations, Qe denotes the adsorption
amount of CV by the adsorbent when the adsorption pro-
cess reaches equilibrium. Re denotes the adsorption rate of
CV by the adsorbent. C0 represents the original concentra-
tion of the CV solution. Ce represents the concentration of
the CV solution after adsorption. V represents the volume of
the CV solution. M denotes the mass of the adsorbent
(STA) added.

In the adsorption process, it is essential to analyze and
explore the kinetics of the adsorption process, which can
describe the time required to reach the adsorption equili-
brium more objectively [28]. The equations of the pseudo-
first-order kinetic model and pseudo-second-order kinetic
are expressed as follows [29]:

lnðQe � QtÞ ¼ ln Qe � K1t ð6Þ
t

Qt
¼ 1

K2 � Q2
e

þ t

Qe
ð7Þ

In the above equations, the Qe denotes the amount of
adsorption of CV by the adsorbent when the adsorption
reaches equilibrium (mg/g), Qt denotes the adsorption
amount of CV by the adsorbent when the adsorption time is t
(mg/g), t indicates the adsorption time of the adsorbent on the
CV (min), K1 denotes the adsorption rate constant (min−1),
K2 denotes the adsorption rate constant (g/(mg·min)).

The adsorption isotherm is a critical tool to examine the
mechanism of adsorption between adsorbent and adsorbate
and a parameter to determine the mode of interaction [30].
The expression equations of Langmuir and Freundlich iso-
therm adsorption model are shown below:

Ce

Qe
¼ Ce

Qm
þ 1
KL � Qm

ð8Þ
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ln Qe ¼ ln KF þ 1
nF

ln Ce ð9Þ

In the above equations, Ce denotes the concentration of CV
solution (mg/L) when the adsorption process equilibrium
state is reached, Qe indicates the adsorption amount of CV
by the adsorbent when the adsorption reaches equilibrium
(mg/g), Qm indicates the maximum adsorption amount of
CV by the adsorbent (mg/g), KL denotes the Langmuir
isothermal adsorption model constant, KF denotes Freun-
dlich adsorption isotherm model constant. 1/nF indicates
how easy it is for the adsorbent to produce adsorption on the
adsorbent. When 1/nF is greater than 0.1 and less than 0.5, it
means that the adsorption process is relatively easy to occur,
and when 1/nF is greater than 2, it implies that the
adsorption of the adsorbent on the adsorbent is relatively
difficult [31].

In addition to the above equation, the adsorption of
Langmuir adsorption model can be characterized by RL,
which can be calculated by the following equation:

RL ¼ 1
1þ KL � C0

ð10Þ

RL indicates how easy it is for the adsorbent to produce
adsorption on the adsorbent, and when RL is equal to 0, the
adsorption process is classified as irreversible adsorption;
when RL is less than 1 and greater than 0, it means that this
adsorption process is relatively easy to occur; when RL is
equal to 1, it means that the process is linear adsorption, and
when RL is greater than 1, it means that the process is not
easy to occur [32].

3 Results and discussion

3.1 Analysis of the reaction mechanism

The structural formulae for TOC and SA are shown in
Fig. 1b. It was discovered that both molecules had a lot of
-OH and -COOH and that their molecular structures were

similar. This particular structure offered the conditions
needed for the successful production of porous aerogel.
The STA-making procedure was depicted in Fig. 1c.
Ca2+ employed ionic cross-linking to establish a more
stable network structure between SA when GDL, CaCO3,
and GA were added to the mixture. When the C= O in
GA combined with the -OH of SA and TOC to produce
an acetal structure, another layer of cross-linked network
structure was formed. Excellent mechanical character-
istics and good stability made this structure a solid
foundation for STA. The groundwork for the excellent
adsorption of cationic dyes was created by the successful
creation of porous aerogel with a three-dimensional pore
structure, exceptional mechanical qualities and efficient
adsorption. [33].

3.2 XRD analysis

XRD can be used to examine a substance’s crystal
structure [34]. The XRD patterns of SA, TOC, and STA-
1.0 were displayed in Fig. 2a. A packet peak at the
position of 2θ= 19.2°, which was an amorphous struc-
ture belonging to SA, could be seen in the spectrum of
SA, indicating that SA was in an amorphous state. The
cellulose diffraction peaks at 2θ= 16.1° and 2θ= 23.2°,
which belonged to the type I crystalline form of cellulose
and corresponded to the (110) and (200) crystallographic
planes of TOC, were clearly visible in the diffraction
pattern of TOC. Next, the leftover sodium ions in TOC
were identified by the diffraction peak at 2θ= 23.2°.
Comparatively, it could be said that the diffraction peaks
of TOC in the XRD pattern of STA essentially vanished,
while the intensity of the diffraction peaks of SA also
diminished somewhat. It was clear from the phenomenon
that TOC and SA had been successfully cross-linked.
Incompletely reacted Ca2+ was present, which is why
smaller diffraction peaks at 2θ of 29.7°, 39.6°, 43.4°, and
47.5° emerged. The aforementioned discussion further
shown that SA and TOC and Ca2+ interacted to produce
new compounds [35].

Fig. 2 a XRD patterns of
different reactants in STA; (b)
FTIR spectra of different
substances
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3.3 FTIR spectra analysis

To investigate the effect of TOC on STA, we used FTIR
to study the mechanism of cross-linked network structure
development. First, we compared the FTIR of STA-1.0,
TOC, and SA. Given their almost identical chemical
structures, SA and TOC showed several comparable
spectral peaks, as shown in Fig. 2b. The peaks at -OH,
-CH, and -COOH that are 3428.3 or 3404.2 cm−1, 2933.2
or 2910.9 cm−1, and 1641.6 or 1637.8 cm−1, respectively,
are the stretching vibration peaks. Similar peaks also
showed up in the STA infrared spectra in response.
However, by careful observation, it was easy to see that
the peaks of -OH and -COOH in STA were shifted, which
precisely indicated the cross-linking reaction of GA with
the -OH of SA and TOC. Above reasons resulted in the
reduction of the -OH content, in addition to the reduction
of the -COOH content in SA due to the involvement of
Ca2+. Concomitantly, the position of -COOH in STA was
shifted. The involvement of hydrogen bonding also
contributed to this phenomenon. The shifted position of
-CH was also attributed to the “egg box structure” formed
by the Ca2+ and SA, which limited the stretching vibra-
tion of -CH. The peaks at 1038.5 cm−1, 1031.7 cm−1, and
1036.6 cm−1 belong to -COC- of the three substances,
respectively. It was obvious that the wavelength of
-COC- was shifted in STA, which was able to be one of
the evidence for the reaction between GA and -OH [36].

3.4 3.4. XPS spectra analysis

XPS tests and studies were carried out on SA and STA-1.0
to further ascertain the manner of binding between SA,
TOC, and Ca2+. Figure 3a, b displays the entire spectrum
analysis of the SA and STA tests. Both spectra comprised
C, O, and Na, which were also the primary components of
aerogel, as could easily be seen. The difference was that the
oxygen element content stayed higher and the O1s peak of
the STA remained sharper, indicating that the TOC addition
had increased the proportion of oxygen in the aerogel. More
visibly, the ionic cross-linking process between Ca2+ and
SA resulted in peaks of Ca2p on the plots of STA, retaining
some Ca2+ in STA. It assisted in the gel network’s devel-
opment [37].

The XPS spectrum of SA could be divided into three
peaks by split-peak fitting, which were 286.51 eV,
284.8 eV, and 288.1 eV, respectively; in contrast, the split-
peak result of STA has changed somewhat, and the binding
energy of C=O and C-O has shifted, as shown in Fig. 3c–f
for the C1s and O1s of SA and STA, respectively. A portion
of the -COOH and -OH were consumed throughout the
reaction, -COOH and Ca2+ underwent an ionic cross-
linking reaction, and -OH coupled with GA through double
bond opening, according to this result. As a result, the
density of the external electron cloud increased, which also
showed that SA and TOC had some hydrogen bonding
interaction. The area of the C-O peaks dropped while the

Fig. 3 a, b Full spectrum scans of SA and STA; (c, d) The XPS C1s spectra of SA and STA; (e, f) The XPS O1s spectra of SA and STA
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areas of the C=O and C-C peaks rose when compared to
the area of each peak. According to the findings, the cross-
linking reaction between -OH and GA occurred during the
synthesis of STA, which led to a drop in its concentration.
Toc was added to synthesized STA to increase the fraction
of C=O and C-C in the system, which also provided the
theoretical framework for additional adsorption experiments
[38].

3.5 Morphology and microstructure analysis

The prepared aerogels’ SEM pictures are shown in Fig.
4a–f. As demonstrated in Fig. 4a, which showed the
aerogel without the addition of TOC, the SA distribution
was not uniform and the resulting aerogel did not show a
more pronounced pore structure when TOC was not
added. After adding TOC, the aerogels displayed unique
three-dimensional network topologies. These network
structures were produced by a cross-linking reaction
between the -OH in SA and the -OH in TOC and GA.
Furthermore, the presence of Ca2+ allowed SA to design
“egg box” network designs. The formation of these
three-dimensional porous structures provided the perfect
conditions for the growth of a specific surface area and
the adsorption of tiny molecules. When the TOC con-
centration was 1%, the pore structure showed a narrow
channel with a more distinct interface, and the strong
pore wall also provided high mechanical capabilities.
But as the addition of TOC exceeded 1%, the STA net-
work became more crowded and confused. As the
amount of TOC added increased, the excessive addition
caused fragmentation to become more severe. As a
result, some TOC did not fully respond to SA. Mean-
while, the absence of Ca2+ from the reaction was one of
the reasons for this occurrence. The internal diffusion of
dye molecules and the enhancement of porosity were
both severely hampered by this. Thus, 1% TOC is a more
desired addition level, which will also be confirmed in
further studies [39].

3.6 Density and porosity analysis

The density and porosity of aerogels are shown in Table 1. It
can be visualized that SA/GA showed the highest bulk density
and the lowest porosity. After the addition of TOC, the density
of STA exhibited a trend of decreasing and then increasing,
while the porosity demonstrated a growth and then decreasing
trend. However, it was more advantageous compared with the
aerogel without TOC addition, and the best structure was STA-
1.0, whose bulk density was 0.08750 g/cm3 and the maximum
porosity was 95.6%. With the addition of TOC, the skeleton
strength of the composite aerogel became stronger, and the
formed network structure was more complete and stronger.
This reason contributed to the above phenomenon [40].

3.7 Thermal stability analysis

Thermogravimetric studies on SA/GA aerogels and STA were
carried out in order to examine the impact of TOC addition on
the thermal stability performance of aerogels [41]. The find-
ings of the experiment are displayed in Fig. 5a, b below. The
first weight loss range showed at 30–200 °C, and the mass loss
at this stage primarily resulted from the heat volatilization of
the bound water inside the aerogel. It was discovered that the
thermogravimetric analysis curves of both SA/GA and STA
exhibited three main weight loss temperature ranges. The
breakdown of cross-linked bonds, thermal degradation,

Fig. 4 a–f The SEM images of
SA/GA, STA-0.25, STA-0.5,
STA-1.0, STA-1.5, STA-2.0

Table 1 Density and porosity of different aerogel

Sample Bulk density (g/
cm3)

Skeleton density (g/
cm3)

Porosity (%)

SA/GA 0.1523 1.436 89.4

STA-0.25 0.1163 1.571 92.6

STA-0.5 0.09438 1.714 94.5

STA-1.0 0.08751 1.988 95.6

STA-1.5 0.09372 1.511 93.8

STA-2.0 0.10265 1.445 92.9
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carbonization of the matrix material, and weakened hydrogen
bonding were the main causes of the second weight loss stage,
which took place between 200 and 600 °C. It was between
600 and 800 °C during the third stage of weight reduction. The
systemic breakdown of Ca2+ was the cause of the mass loss in
this process. The right side of the image shows the thermo-
gravimetric differential curve, which represents the rate of
change in weight loss as a function of temperature. Further
analysis reveals that the fastest thermal disintegration rate of
SA/GA occurred at 205 °C while that of STA took place at
209 °C. Due to the more stable crystalline structure of cellu-
lose in TOC, which absorbed more heat and gave it a greater
decomposition temperature, the STA displayed a higher
decomposition temperature. This outcome matched the data
from the XRD analysis. However, additional -COOH
strengthened the intermolecular hydrogen bonding, making the
system more stable [42]. Because SA/GA absorbed more Ca2+

during the process, SA/GA aerogel had a greater residual
carbon rate. As a result, it included more Ca2+, which ulti-
mately increased the amount of residual carbon. In conclusion,
the TOC addition helped the aerogel’s thermal stabilization.

3.8 Analysis of Zeta potential

The Zeta potential of STA was examined in order to better
understand the characteristics of the surface charge, and the
experimental results are shown in Fig. 6. The potentials of
STA and SA/GA under neutral circumstances were depicted

in Fig. 6a. Based on the comparison, it was found that STA
had a lower potential and stronger negative potential, up to
−28.6 mV. The TOC cross-linking reaction produced this
structure. The impact of pH on the potential ground was
more clearly depicted in Fig. 6b. It was clear that STA
always had a negative potential, whether the environment
was acidic or alkaline. But after close observation, it
became clear that the curve was in a downward trend as the
pH value rose. The conclusion was that the pH value
increases its negative potential strength. This experiment’s
findings demonstrated that the STA surface was heavily
charged negatively and that variations in the surroundings
had an impact on the level of electronegativity. However, it
is always in a condition of negative potential. As a result,
electrostatic adsorption was produced when STA came into
touch with cationic chemicals, which was particularly
advantageous for the removal of cationic pollutants. Later
adsorption experiments could confirm this finding. Through
electrostatic interaction, STA with a lot of negative charges
was able to adsorb with crystal violet when cationic dyes
were the target of the adsorption process [43].

3.9 Analysis of adsorption experiment results

3.9.1 Standard curve analysis

The UV absorption spectrum of the CV solution was dis-
played in Fig. 7a, with the greatest absorption peak

Fig. 5 a, b The TG images of
SA/GA and STA

Fig. 6 a Zeta potential of STA
and SA/GA under neutral
conditions, (b) Image of the
variation of Zeta potential of
STA with pH value

398 Journal of Sol-Gel Science and Technology (2024) 110:391–405



matching the absorption wavelength of 589 nm. The stan-
dard curve of concentration versus absorbance at 589 nm
wavelength was shown in Fig. 7b. The curve has a good
linear relationship, as seen by the straight line that just
passed through the origin and R2= 0.9974. This standard
curve was used to calculate the concentrations of the solu-
tions before and after adsorption in the experiments that
followed.

3.9.2 Analysis of adsorption results with different
adsorbents

The adsorption effect in the adsorption investigations is
directly influenced by the different adsorbents [44, 45].
Different TOC additions in this study lead to different
adsorption capabilities. As a result, it’s critical to assess
each STA ratio’s adsorption effectiveness on CV while
keeping everything else unchanged. As can be shown in
Fig. 8a below, the adsorption quantity of pure SA aerogel
on CV was found to be lowest when no TOC was added,
only 85.6 mg/g. This resulted from the small specific sur-
face area, low amount of -COOH, and poor dispersion of
SA. The adsorption of STA on CV then showed a trend of
rising and subsequently dropping with an increase in TOC
addition, and the maximum adsorption of STA was
505.9 mg/g when the TOC addition was 1%. This outcome
was brought about by the greater system dispersion brought

about by the addition of TOC, which increased the specific
surface area. In addition, TOC carried a lot of -COOH,
which meant that there were a lot of binding sites available.
When the TOC concentration was too high, it would
interfere with the pore structure’s development and occupy
the adsorption sites, which further reduced the amount of
adsorption. As a result, STA-1.0 was selected as the stan-
dard adsorbent for the adsorption tests in the subsequent
investigations.

3.9.3 Effect of temperature

The amounts of adsorbed STA-1.0 on CV were investigated
and studied at different temperatures to have a better
understanding of STA’s thermodynamic adsorption beha-
vior on CV. The data in Fig. 8b show that at temperatures
between 10 and 30 °C, the amount of adsorption increased
with temperature, rising from 402.4 mg/g to 459.2 mg/g.
The adsorption action was negatively impacted by tem-
peratures that rose over this range. According to the sta-
tistics above, adsorption is more encouraged by temperature
increases at lower temperatures; however, as temperatures
rise beyond 30 °C, adsorption is reduced by the high tem-
perature. The analysis showed that the explanation for this
was that the temperature increase promoted the mobility of
dye molecules when the temperature stayed below 30 °C.
This component accelerated the adsorption of STA onto CV

Fig. 8 a Equilibrium adsorption
capacity of different aerogels;
(b) Equilibrium adsorption
amount of STA-1.0 on CV as a
function of temperature

Fig. 7 a UV absorption spectra
of CV at different
concentrations; (b) Standard
curve of CV concentration vs.
absorbance
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and raised the adsorption efficiency. The STA’s interior
structure would, however, sustain some damage from tem-
perature increases that were too great. Furthermore, the
higher temperature did not promote the immobilization of
dye molecules at the adsorption sites, which eventually
leads to a decrease in the amount of adsorption [46].

3.9.4 Effect of pH

Figure 9a displays the outcomes of STA’s adsorption on
CV under various pH settings. It was evident that STA-
1.0’s adsorption amount on CV increased from 45.1 mg/g
to 420.4 mg/g while pH in the range of 2–7 gradually
increased. The results made it clear that the solution’s pH
had a significant impact on the adsorption effect in the
range. However, with subsequent pH increased, the rate
of increase in adsorption quantity became exceedingly
slow. The adsorption amount changed less when the pH
was higher. The reason, according to the data above, was
that there were many hydrogen ions present throughout
the system when the pH of the solution was lower than 7.
The protonation of STA would result in a reduced elec-
trostatic interaction with the CV. The protonation was
diminished as the pH continued to rise, which had the
effect of gradually increasing the adsorption quantity.
More negative charges were exposed on the STA’s sur-
face and inside if the pH of the system exceeded 7,
increasing the number of adsorption sites. The hydrogen
bonding between the adsorbent and the adsorbate was
another factor contributing to the rise in the amount of
adsorption at the same time as the electrostatic interaction
between the STA and the CV became more apparent.
There was not a noticeable increase in the quantity of
adsorption, though, as more negative ions entered the
solution as the pH rose and stopped the dye from sticking.
This result was also supported by the Zeta potential
study’s findings. One of the subsequent study settings, the
neutral system, was chosen to better control the experi-
mental conditions and replicate a more realistic scenario
including contaminated water [47].

3.9.5 Effect of adsorption time

The absorbance was measured over the course of
900 min at various time intervals to determine the con-
centration at various periods in order to account for the
effects of time on the adsorption effect [48]. According
to Fig. 9b, the adsorption in the 30–600 time-horizon
showed a progressive rise over time. This was caused by
the fact that the porous structure inside the STA portion
had a lot of adsorption sites during the early stages of
adsorption, which led to a significant increase in the
amount of adsorption. The maximum adsorption amount
was attained at 505.9 mg/g after 600 min, when the
adsorption process eventually stopped altering. This
outcome was caused by a decrease in the concentration
of CV, a weakening of the electrostatic force, and a
dynamic balance between adsorption and desorption
[49].

3.9.6 Analysis of adsorption kinetics

In order to better examine the adsorption process and
mechanism, the adsorption test process was analyzed and
researched using pseudo-first-order and pseudo-second-
order kinetic models, respectively [50]. Figure 10a, b
showed the fitting results, and Table 2 showed the exact
fitting parameters. Based on observation, the quasi-
second-order kinetic model fit the data better, with an
R2 value closer to 1. This indicated a better linear rela-
tionship to explain the adsorption kinetics. Nevertheless,
after fitting, the images derived from the quasi-first-order
kinetic model showed a poorer linear correlation and
were unable to adequately represent the adsorption pro-
cess [51]. Additionally, the experimental value of
505.9 mg/g was more closely matched by the maximum
adsorption amount (568.2 mg/g) obtained by the pseudo-
second-order kinetic fit. Hence, it could be determined
that the adsorption of CV by STA was a chemisorption
process and related to the quasi-second-order kinetic
model [52].

Fig. 9 a Image of equilibrium
adsorption of STA-1.0 on CV as
a function of pH; (b) Image of
the adsorption amount of STA-
1.0 on CV with time
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3.9.7 Analysis of adsorption isotherm

The adsorption isotherm approach can be used to study the
connection between adsorbent concentration and adsorption
capabilities [53]. A curve illustrating the relationship
between different initial concentrations and the amount of
adsorption at the same temperature is presented in Fig. 11a.
It demonstrated a pattern of inferring a favorable correla-
tion. On the other hand, when the concentration was low,
comparison revealed that the adsorption quantity exhibited a
fast rising tendency with the increase of the starting con-
centration. The rate of increase in adsorption quantity slo-
wed down as concentration increased, indicating that the
effect of concentration started to fade after the initial con-
centration reached 320.0 mg/L. Regardless of concentration,
adsorption saturation was eventually reached and stayed
constant. During the adsorption process, sites inside and on
the surface of the adsorbent were gradually occupied. Faster
and more efficient binding of the dye molecules to the
adsorbent and a more pronounced shift in the amount of
adsorption resulted from less intense rivalry between the
dye molecules and a greater number of accessible adsorp-
tion sites at lower concentrations. Adsorption became
saturated as a result of increased competition among
adsorbents, which prevented the limited number of
adsorption sites from being able to adsorb enough dye
molecules as the concentration rose [54].

The adsorption isothermal model was used to fit and
analyze the experimental results. Figure 11b depicts the

outcomes of fitting the Langmuir isothermal adsorption
model. It was obvious that the experimentally acquired
results have better linearity compared to the Freundlich
model, which produced a more dispersed scattering of
numerical values and did not exhibit improved linearity. It
was clear from Table 3 specific fitted values that the Lang-
muir correlation coefficient was getting closer to 1, indi-
cating a more linear relationship. Additionally, the
maximum adsorption capacity predicted by this model was
more in line with the outcomes of the experiments. As an
outcome, the Langmuir adsorption isotherm model was able
to provide a more comprehensive explanation of the STA on
CV monomolecular layer adsorption process. The specific
fitted parameters were shown in Table 3, and it was clear
that the Langmuir correlation coefficient remained near to 1,
indicating that the adsorption process was simpler [55].

3.9.8 Analysis of cyclic adsorption performance

The cyclic adsorption performance of the adsorbent is an
essential indicator of the adsorption performance, which
reveals the reusable level and economy of the adsorbent
[55]. Figure 11d illustrates the change of adsorption amount
after multiple adsorption-desorption of STA-1.0. It was
obvious to see that after five adsorption-desorption pro-
cesses, the adsorption amount decreased from 505.9 mg/g to
433.1 mg/g, a decrease rate of about 14.4%, which reflected
a relatively good adsorption capacity of the aerogel. It was
very significant for the expansion of the adsorption field.

Additionally, in order to better illustrate the excellent
adsorption capacity of STA, we have listed some literature
for comparative analysis. The results are shown in the fol-
lowing table. We could find that STA shows better
adsorption capacity than other aerogels of the same type
Table 4.

3.9.9 Analysis of competitive adsorption

We added Cu2+ and Pb2+ as adsorption-interfering vari-
ables to the crystalline violet solutions at varying pH levels

Table 2 Adsorption kinetic parameters of STA-1.0 on CV

Kinetic model Parameter Values

Pseudo-first-order kinetic K1 (g/mg min) −0.0055

Qe (mg/g) 746.26

R2 0.9451

Pseudo-second-order kinetic K2 (g/mg min) 6.48 × 10−6

Qe (mg/g) 568.18

R2 0.9967

Fig. 10 a, b Pseudo-first-order
kinetic fitting curve and pseudo-
second-order kinetic fitting
curve
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to better mimic the real industrial wastewater environment.
by deciding to investigate the adsorption capability of STA-
1.0 on CV. Figure 12 displayed the outcomes of the
experiment. The observation of Fig. 12a indicates a sub-
stantial change in the hue of the CV solution upon
adsorption. This phenomena suggests that STA has a strong

ability for CV adsorption. Furthermore, Fig. 12b shows the
quantity of STA that was adsorbed on CV at various pH
values. The lowest amount of adsorption, only 98.7 mg/g,
was seen at pH= 3. The maximum quantity of STA that
was adsorbed on CV was 469.2 mg/g, and this amount
increased as the pH rose. This pattern was in line with what
would have happened in the absence of Cu2+ and Pb2+. In
contrast, it was discovered that the addition of Pb2+ and
Cu2+ reduced the quantity of adsorption somewhat but left
it at a high level. This could be as a result of Cu2+ and Pb2+

occupying a portion of the STA adsorption sites via che-
lating and electrostatic interactions, which decreased the
quantity of STA that was adsorbed on CV.

3.9.10 Analysis of the adsorption mechanism

The distinct chemical structures of SA and TOC enable
the efficient adsorption of CV. Because of the presence of
-OH and -COOH in their molecular structures, this
advantage not only provides the possibility for excellent
cross-linking of STA but also provides adsorption sites
for effective adsorption of CV. As a cationic dye, CV
can, on the one hand, be electrostatically attracted to the
-COO- in STA. However, the nitrogen atoms in CV are
also connected to -OH by hydrogen bonding interactions.
As a result, physical adsorption is the primary mode of
adsorption. These distinct benefits establish the frame-
work for STA’s high adsorption capability. Lastly, a
spatial advantage for the enhancement of adsorption

Fig. 11 a Effect of initial
concentration of CV on the
adsorption amount of STA-1.0;
(b, c) Langmuir and Freundlich
isothermal adsorption model
fitted curve; (d) Cyclic
adsorption of STA-1.0

Table 3 Adsorption isotherm model parameters

Kinetic model Parameter Values

Langmuir KL (L/mg) 0.0178

Qm (mg/g) 1057.82

R2 0.9987

RL 0.1201–0.5618

Freundlich KF (mg/g) 65.37

1/n 0.4981

R2 0.9329

Table 4 Adsorption capacity of different aerogels

Aerogels Adsorption capacity(mg/g) Dyes Values

SA/CMC 7.2 Methyl blue [56]

MSC-P 203.9 Congo red [57]

SA/CNF/PEI 307.5 Congo red [58]

SPCP 346.3 Congo red [59]

SG/GO 322.6 Methyl blue [60]

Zn-BCA 39.0 Crystal violet [61]

PMCSCP 78.1 Orange II [62]
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capacity is provided by the three-dimensional porous
structure of the STA [63].

4 Conclusion

In this study, we innovatively combined SA and TOC to
create an aerogel with a porous structure, high thermal
stability, and adsorption capabilities in a straightforward
way. Under the combined cross-linking effects of calcium
ions and glutaraldehyde, the SA was successfully produced.
Comprehensive XPS, FTIR, and XRD analyses of the
chemical makeup of STA revealed that the chemical process
had been effectively completed. SEM was used to analyze
the microstructure of STA, and it was discovered that the
internal pore structure was clear. Using TG, the thermal
stability was examined. The inclusion of TOC significantly
improved the thermal stability, and the maximum porosity
was 95.6%. Zeta potential analysis was used to analyze the
charge characteristic. The highest adsorption quantity of CV
could reach 505.9 mg/g after the adsorption properties of
STA were thoroughly examined by adjusting various
adsorption circumstances using adsorption kinetic and iso-
therm models. The thermodynamic process was closer to
the fitting Langmuir results and the kinetic process was
consistent with the pseudo-second-order kinetic model,
indicating that the adsorption process related to single-
molecule layer chemisorption. The amount of CV that was
adsorbed dropped less after five adsorption-desorption
cycles, and competitive adsorption also showed a satisfac-
tory result. The mechanism of effective CV adsorption by
STA was next examined and. The current work offers an
effective technique for the elimination of cationic
contaminants.
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