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Abstract: This study tried to use electroflocculating precipitated waste to prepare a Si@Al adsorbent
by simply mixing sodium silicate at a mass ratio of 4:1 and calcining at 200 ◦C for 2 h. The adsorbent
was low cost, high efficiency, and could remove a variety of contaminants (organic pollutants,
antibiotics, and metal ions) from water. In this study, adsorbent characterization and pollutant
adsorption experiments were carried out. The results showed that: Si@Al adsorbent had uniform
particles, distinct layers, a loose porous appearance, and the internal structure was scattered without
a crystal structure. The optimal adsorption conditions for tetracycline were as follows: dosage of
adsorbent 2.0 g/L, reaction time 10 min, pH = 4.5, and tetracycline removal rate of 97.13%. The
optimal adsorption conditions for MB (MB stands for methylene blue) were an adsorption dosage of
4.0 g/L, a reaction time of 15 min, pH = 4.5–8.5, and a removal rate of 96.39%. The optimal adsorption
conditions for Cu were a 2.0 g/L dosage of adsorbent, a reaction time of 30 min, a pH of 8.5, and a
highest removal rate of 97.47%. It was worth noting that the effect of temperature on TC, MB and
Cu was not significant. At the same time, the kinetic fitting results showed that the adsorption of
MB was more consistent with the quasi-second-order kinetic model, with R2 ranging from 0.9788 to
1.0000. The adsorption of TC and Cu was more consistent with the quasi-first-order kinetic model,
with R2 ranging from 0.9598 to 0.9999 and 0.9844 to 0.9988, respectively. According to the results of
thermodynamics, kinetics and zero potential point, the adsorption of tetracycline and methylene blue
was mainly a physical adsorption, multilayer heterogeneous or single-layer homogeneous adsorption
process. The adsorption of Cu was categorized as multi-layer heterogeneous chemical adsorption.
The co-existing substances had little effect on the properties of the adsorbent, and the adsorbent
could be recycled 5 times. Compared with other adsorbents, the results showed that the adsorbents
had obvious advantages in terms of the raw material source, preparation method, time cost and
removal effect. This study provided a “waste into treasure, green and efficient” multi-pollutant
adsorption method.

Keywords: Si@Al adsorbent; methylene blue; tetracycline; copper; removal effect; adsorption mechanism

1. Introduction

With the development of industrialization and urbanization, more and more pollutants
enter the water body. At present, the coexistence of multiple pollutants has become
the normal state of water pollution [1]. The combined pollution of organic matter, new
pollutants and heavy metals has become one of the typical pollution types. Organic
pollutants are common pollutants in sewage; in particular, the organic matter content in
aquaculture sewage is higher [2]. As a new pollutant, antibiotics have attracted much
attention [3,4]. Of these, tetracycline (TC) has been widely used in agricultural production
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due to its good antibacterial property, broad-spectrum antibacterial property and low
price [5,6]. However, antibiotics cannot be completely absorbed and degraded by passive
objects, and about 30% to 90% of antibiotics are excreted from the body in maternal
form or metabolic form and enter various surrounding environments [7]. Many studies
have shown that the highest level of tetracycline antibiotics remains in sewage [3,4]. In
addition, heavy metals have often been used in the aquaculture industry to promote
animal growth, but the residual heavy metals enter various environmental media and
form cumulative pollution. The heavy metal copper (Cu) has attracted people’s attention
because of its high content, strong toxicity and difficult removal. In addition, Cu(II) has
been associated with diseases of the human central nervous system, liver and kidney [8]. Up
to now, the commonly used methods to remove antibiotics included adsorption, oxidation,
membrane separation, biodegradation etc. [9]. At the same time, the harm of methylene
blue can not be ignored. Methylene blue in wastewater may have a toxic effect on aquatic
organisms, and its high residue will also cause serious consequences such as human shock,
vomiting and tissue necrosis. The common methods for removing heavy metals include
adsorption, chemical precipitation, ion exchange, membrane separation, etc., [10]. The
common methods for removing methylene blue include adsorption, membrane separation,
coagulation, sedimentation, evaporation, etc. It can be seen that the methods that can
simultaneously remove antibiotics, heavy metals and MB mainly include the adsorption
method and the membrane separation method. In contrast, the adsorption method is
favored by people due to its advantages of low cost, simple operation and high removal
rate [11]. This paper adopts the idea of “treating waste with waste” to solve problems
associated with waste outlets. The adsorbent prepared from electroflocculating waste doped
with a small amount of sodium silicate has a better adsorption effect than other adsorbents.

Adsorption materials commonly used in adsorption methods generally include carbon-
based materials, metal–organic frameworks, mineral materials, mesoporous materials,
etc., [12–14]. The metal material exhibits good performance, but the price is expensive.
Due to their natural properties, mineral materials have a poor removal effect on some
pollutants. Carbon-based materials have been extensively studied due to a wide range of
material sources, but they still need to be modified to improve their efficiency, which may
increase the cost [15]. Therefore, the search for cheap, simple and easy-to-use adsorbent
materials has become an important field. Electroflocculating precipitation is one of the
common wastes in the field of industrial water treatment. It mainly results from the
gradual dissolution of an electroflocculating aluminum (Al) anode under the action of
current and the hydrolysis, which forms a network of flocs with larger surface area and
the combination of contaminated ions, and finally the formation of precipitation [16]. With
the widespread application of electrochemical treatment technology, precipitated waste is
produced in large quantities. The existing technology is usually landfill treatment, which
not only increases the treatment cost but also causes secondary pollution to the environment.
Therefore, determining how to use electroflocculating precipitated waste resources will be
an important area of research.

In this study, the idea of “waste treating waste” was adopted. For the first time,
electroflocculating waste doped with a small amount of sodium silicate was used as raw
material to prepare Si@Al adsorption materials via calcination at 200 ◦C (Si@Al). The
preparation process was simple and easy, green and offered environmental protection. It
overcame the disadvantages of the complicated process, high cost and easy production
of a large amount of toxic and harmful waste liquid. Moreover, the prepared adsorbents
could efficiently remove antibiotics, organic matters and heavy metals in water, breaking
through the limitation that the existing adsorbents can only act on certain pollutants. In
this paper, the preparation conditions of Si@Al adsorbent were optimized, the adsorbent
was characterized, and the removal effect of the adsorbent on three kinds of pollutants was
studied. The adsorption mechanism was analyzed by combining kinetics and adsorption
isotherm, the influence of co-existing substances on the adsorption effect was discussed
and the number of cycles and ion percolation of the adsorbent were specified. Finally, the
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preparation method, reaction time, dosage and removal rate of the adsorbent Si@Al were
compared with other reports. It was hoped that this study can provide a form of recycling,
“turning waste into treasure, green and efficient” for industrial waste.

2. Materials and Methods
2.1. Reagent Consumables and Instruments

Reagent consumables: Tetracycline standard (TC, 98.5%), methylene blue (≥98%),
Cupric nitrate Cu(NO3)2 (≥99.0%), HCl (36–38%), NaOH (≥98.0%), NaCl (≥99.5%), Na2SO4
(≥98.0%), Na2HPO4 (≥98.0%), methanol and acetonitrile (Chromatographically pure,
Merck, Darmstadt, Germany), formic acid (chromatographically pure, Aladdin, Shanghai,
China), citric acid and disodium hydrogen phosphate (analytically pure, aladdin), as well as
disodium ethylenediamine tetraacetate and potassium dihydrogen phosphate (analytically
pure, national medicine, Shanghai, China). Prime HLB solid phase extraction column
(200 mg/6 mL, Waters, Taunton, MA, USA).

Instruments: Ultrapure water meter (Millipore, USA), High Performance Liquid
Chromatography Series Mass Spectrometer (HPLC-TQD, Waters), Inductively coupled
Plasma Mass Spectrometer (Agilent, 7500cx, California Santa Clara, CA, USA), Solid
Phase Extraction device (Vac Elut 24, Agilent), nitrogen blowing device (N-LyTM 112,
Organomation, Berlin, MA, USA), freeze dryer (TF-FD-27, Tian Feng, Beijin, China), Muffle
furnace (XL-1200C, Jujing, Shanghai, China), Oscillating table instrument (ZHWY-2102C,
Jingda, Tianjin, Cbina), low temperature and high speed centrifuge (H2050R-1, Xiangyi,
Guangdong, China), ultrasonic cleaner (KH-300DE, Hechuang, Kunshan, China) and
diaphragm vacuum pump (GM-0.33A, Jinteng, Tianjin, China).

2.2. Experimental Methods
2.2.1. Si@Al Preparation of Adsorbent

In this study, the preparation method of adsorbent is simple and easy, and mainly
includes two steps: (1) Take a certain amount of dried electroflocculating precipitation
waste and mix it with sodium silicate. The mass ratio is 0.5:1, 2:1, 4:1, 6:1, 10:1 and 20:1.
(2) Place in Muffle furnace, calcined at 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 700 ◦C for 2 h,
remove from the furnace after natural cooling to form Si@Al adsorbent with different
compositions, then set aside.

2.2.2. Optimization Experiment of Preparation Conditions

According to the properties of adsorbents prepared under different conditions, methy-
lene blue adsorption capacity evaluation is used, which is an effective means to evaluate the
adsorption capacity of different materials. The reaction system was set as 5 mL, the initial
concentration of methylene blue was 100 mg/L, the amount of adsorbent was 0.02 g, and
the reaction time was 5 min after shaking at 100 rpm at 25 ◦C. The experiment was repeated
three times for each group. The adsorption capacity of the material was determined by the
final residual concentration in the solution.

2.2.3. Adsorption Experiment

In this study, three representative pollutants were selected: organic matter (represented
by methylene blue), antibiotics and metal Cu. The reaction system was set to be 10 mL;
the initial concentration of TC was set to be 2 mg/L, 5 mg/L, 10 mg/L and 20 mg/L. The
initial concentration of MB was set to be 100 mg/L, 200 mg/L, 300 mg/L and 400 mg/L.
The initial concentration of Cu was set to be 5 mg/L, 25 mg/L, 50 mg/L and 100 mg/L.
The pH of the reaction solution was regulated by hydrochloric acid solution or sodium
hydroxide. The whole reactor was placed in a constant-temperature shaker and the reaction
temperature was set at 20 ◦C, 25 ◦C, 35 ◦C, 45 ◦C and 55 ◦C. Samples were taken at a certain
interval, and the solution was filtered through a 0.45 µm filter membrane to determine
the content of pollutants in the solution. All experiments were performed in duplicate to
ensure the statistical reliability of the results.
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The removal rate Y (%) and adsorption capacity qt (mg/g) are calculated as follows:

Y =
C0 − Ce

C0
× 100%

qt =
(C0 − Ce)× V

m
In the formula, C0 is the initial pollutant concentration of the solution (mg/L), Ce is

the pollutant concentration at solution equilibrium (mg/L), V is the solution body (L), m is
the mass of the adsorbent (g), qt is the adsorption capacity of the adsorbent on the pollutant
(mg/g), and Y is the removal rate (%).

2.3. Analysis Method

An ultra-high-performance liquid chromatography–mass spectrometer was used for
antibiotic testing. The mass spectrum was triple quadrupole tandem mass spectrometry,
ESI + mode, and segmented collection. The mobile phase A consisted of 0.1% formic acid
and B consisted of acetonitrile. The flow rate was 0.3 mL/min and the sample size was
5 µL. The gradient elution method was used to test the liquid phase. See the specific elution
conditions and other parameters in the reference [17].

Furthermore, the concentration of Cu(II) remaining in the aqueous solution was
determined using flame atomic absorption spectrometry (AAS, NOVAA-300, Jena, Ger-
many) [18]. The morphology and elements of the samples were analyzed using a Scanning
Electron Microscope (SEM, Guoyi, Hefei, China). The phase and crystal structure of the
adsorbent were mainly tested using X-Ray Diffraction technology (X-ray Diffraction, XRD,
Rigaku Ultimate Type IV, Tokyo, Japan).

3. Results and Discussion
3.1. Preparation and Characterization of Adsorbent

In the preparation part, methylene blue adsorption capacity was used as the index
based on which to judge the adsorption capacity of the adsorbent. Figure 1A–C shows
the operating conditions for preparing Si@Al adsorbent. Figure 1A shows the variation in
the residual concentration of methylene blue in solution with the mass ratio of precipitate
to sodium silicate. It can be seen from the figure that when the mass ratio of sediment
waste to sodium silicate is 4:1, the adsorbent prepared has the best adsorption effect on
methylene blue (the residual concentration in solution is the lowest). This may be because
the proportion of sodium silicate is too high or too low to allow the adsorbent to form a
good porosity. Figure 1B shows the effect of calcination temperature on the properties of
Si@Al adsorbent. It can be seen from the figure that the adsorbent prepared has higher
adsorption properties when the calcination temperature is 200 ◦C and 500 ◦C, and the
adsorbent prepared at 200 ◦C has the best performance. Therefore, the choice of 200 ◦C
as the calcination temperature of Si@Al conforms to the dual goals of “economic and
environmental protection”. Figure 1C shows the effect of the mixed medium of precipitated
waste and sodium silicate on the performance of the adsorbent. The results show that the
adsorbent prepared by the direct mixing of the two raw materials (that is, in the air) has
the best performance, followed by the adsorbent prepared by mixing the two materials in
ethanol solution. This may be because ethanol is a volatile solvent and is volatilized at a
low temperature, which does not affect the formation of holes. The properties of adsorbent
prepared by mixing aqueous solution with surfactant Tween 80 are poor, which may be
due to the existence of these two solvents causing partial dissolution of the compound and
breaking the “holes” formed by the particle-type contact.
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Figure 1. Preparation conditions and characterization of Si@Al adsorbent. (A) Different mass
ratio of precipitate to sodium silicate; (B) different calcination temperature; (C) different mixed
media; (D) SEM of electrocoagulating precipitate waste; (E) SEM of Si@Al adsorbent; (F) XRD of
Si@Al adsorbent.

The micromorphology of Si@Al adsorbent was characterized by scanning electron
microscopy (SEM). As can be seen from the figure, the prepared adsorbent presents a
uniform flower-like shape with uniform particle size, clear layers, and loose porosity,
indicating that an obvious porous adsorbent appearance is formed (Figure 1E). This may be
because sodium silicate can play a role in “making pores” during calcination. On the other
hand, the original electroflocculating precipitated waste was irregularly granular, dense
and had low porosity (Figure 1D). Figure 1F shows the XRD diffraction pattern of the phase
and crystal structure of the adsorbent. The results show that neither the electroflocculating
precipitated waste (black curve) nor the Si@Al adsorbent formed after calcination (red
curve) have obvious characteristic diffraction peaks, indicating that the internal structure of
the material is amorphous, which is because the two substances are very different in terms
of their chemical properties, and the electronegativity is very different, so it is difficult to
form chemical bonds between them, let alone to directly form compounds.

3.2. Adsorption Effect of Tetracycline

Figure 2 shows the adsorption effect of Si@Al adsorbent on tetracycline. According to
Figure 2A, when the amount of adsorbents increased from 0 g/(5 mL) to 0.01 g/(5 mL), the
removal rate of tetracycline increased to 80.93%, and the concentration of tetracycline in
the solution decreased to 1.96 mg/L. However, when the amount of adsorbent was further
increased, the removal rate of tetracycline no longer increased and the concentration in
the solution no longer decreased; therefore, the optimal amount of adsorbent could be
chosen to be 0.01 g/(5 mL) (equivalent to 2.0 g/L). Figure 2B shows the change law of
tetracycline removal rate and concentration with time. It can be seen from the figure that
when the reaction time was 10 min, the removal rate of tetracycline could reach 97.85%,
which indicates that Si@Al could adsorb tetracycline very quickly, and the adsorption
equilibrium could be reached within 10 min. According to the chart of tetracycline removal
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rate and concentration variation at different pH values (Figure 2C), the removal rate of
tetracycline in slightly acidic solution was the highest (97.13%). Tang et al. [19] also showed
in their study of Fe-Al bimetallic oxide ball milling-enhanced biochar adsorption of TC in
water that pH affected the adsorption effect of TC, and the adsorption capacity reached
the maximum when the solution was more acidic (pH = 5). This is because tetracycline
is an amphoteric compound with 3 pKa, respectively, 3.3, 7.7 and 9.7. Tetracycline has
different forms in solutions of different pH ranges. When 3.3 < pH < 7.7, the main form
of tetracycline is TC0, which is a zamphoteric ion. When 7.7 < pH < 9.7 and pH > 9.7, the
main forms of tetracycline are TC− and TC2−, respectively, in anion form [20]. As can be
seen from Figure 2D, temperature increase was conducive to the adsorption of tetracycline
by Si@Al adsorbent, but temperature had little effect on the tetracycline removal rate.
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3.3. Adsorption Effect on Methylene Blue

Figure 3 shows the adsorption effect of Si@Al adsorbent on methylene blue. As could
be seen from Figure 3A, when the dosage of adsorbent was 2.0 g/L, the removal rate
of MB was 56.01%. However, when the dosage of adsorbent was further increased to
4.0 g/L, the removal rate of MB increased to 90.77%. When the amount of adsorbent was
further increased, the removal rate of MB was not significantly increased, and the residual
concentration in the solution was no longer reduced, so the best dosage of adsorbent
could be selected as 4.0 g/L. Figure 3B shows the change law of MB removal rate and
concentration over time. It can be seen from the figure that when the reaction time was
5 min, the MB removal rate could reach 77.33%, and when the reaction time continued
to increase to 15 min, the MB removal rate increased to 96.39%. It can be seen that the
adsorbent could complete the adsorption of MB in about 15 min. According to the chart of
MB removal rate and concentration variation at different pH values (Figure 3C), it can be
seen that pH value had no obvious effect on the MB removal rate, and the removal rate
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was stable in the range of pH = 4.5–8.5. As can be seen from Figure 3D, the temperature
increase was not conducive to the adsorption process of MB by Si@Al adsorbent. When the
temperature increased from 25 ◦C to 55 ◦C, the removal rate of MB decreased from 95.35%
to 87.46%.
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3.4. Adsorption Effect on Metal Cu

Figure 4 shows the adsorption effect of Si@Al adsorbent on heavy metal Cu. As can
be seen from Figure 4A, when the dosage of adsorbent increased from 0 g/L to 1.0 g/L,
the removal rate of Cu increased to 65.39%. However, when the dosage of adsorbent was
further increased to 2.0 g/L, the removal rate of Cu reached 91.74%, so the best dosage
of adsorbent could be 2.0 g/L. Figure 4B shows the change law of Cu removal rate and
concentration with time. It can be seen from the figure that when the reaction time was
10 min, the Cu removal rate rapidly rose to 88.06%, and when the reaction time increased
to 30 min, the Cu removal rate could increase to 96.74%. Yin et al. [18] showed that the
absorption of Cu by magnetic microspheres and modified Chitosan reached equilibrium
around 50 min, and the removal rate could reach 97.1%. Figure 4C shows the influence of
different pH values on the removal rate of Cu. Alkaline pH value was conducive to the
removal of Cu. When the pH was 8.5, the removal rate of Cu was at its highest (97.47%).
This may be because in a low pH environment, Cu mainly exists in the form of Cu(II), and
the surface of the adsorbent was also easy to protonate, so the two had a repulsive effect,
which affected the adsorption effect, which was consistent with the research conclusion
of Yin et al. [18]. As can be seen from Figure 4D, a temperature increase was conducive
to the adsorption of Cu by Si@Al adsorbent, but temperature had little effect on the Cu
removal rate.
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3.5. Adsorption Model Simulation
3.5.1. Quasi-First-Order Kinetic Equation

In order to study the adsorption kinetics of TC, MB and Cu by Si@Al adsorbent, kinetic
fitting of the adsorption data was performed according to the following quasi-first-order
kinetic Equation (1) [21]:

dq
dt

= k1(qe − qt) (1)

where qt is the adsorption amount of pollutants at time t (min), (mg/g); k1 is the rate
constant of the first-order reaction, (min−1). When the boundary conditions t = 0 to t > 0
(q = 0 to q > 0), the following equation can be transformed:

ln(qe − qt) = lnqe − k1t (2)

The obtained quasi-first-order fitting kinetic parameters are shown in Table 1. It
is generally believed that the closer R2 is to 1, the more consistent the model is with
the experimental results. The results show that the R2 fitted by the quasi-first-order
kinetic models of the three pollutants ranges from 0.9598 to 0.9999, indicating that the
adsorption of TC, MB and Cu by Si@Al adsorbent conforms to the first-order kinetic
adsorption. In general, the correlation coefficient TC of quasi-first-order kinetic simulation
is (0.9598–0.9999). The correlation coefficient MB of quasi-first-order dynamic simulation
is (0.9860–1.0000). The correlation coefficient Cu of quasi-first-order kinetic simulation is
(0.9844–0.9988).
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Table 1. First-order kinetic parameters of adsorption of different pollutants by Si@Al adsorbent.

Pollutants Initial Concentration (mg/L) qe (mg/g) k1 (min−1) R2

TC

2 0.2973 ± 0.0044 0.9548 ± 0.0790 0.9960
5 0.9824 ± 0.0026 0.4269 ± 0.0058 0.9999

10 1.9602 ± 0.0594 0.3849 ± 0.0578 0.9897
20 4.0230 ± 0.2676 0.3198 ± 0.0968 0.9598

MB

100 24.6638 ± 0.0240 0.9961 ± 0.0693 1.0000
200 36.1360 ± 0.7901 0.4572 ± 0.1036 0.9861
300 64.1581 ± 0.5997 0.3975 ± 0.0326 0.9974
400 69.4206 ± 0.6345 0.4048 ± 0.0331 0.9976

Cu

5 1.1816 ± 0.0076 0.1909 ± 0.0060 0.9988
25 6.1260 ± 0.1482 0.1685 ± 0.0189 0.9844
50 12.8957 ± 0.1235 0.1737 ± 0.0078 0.9979
100 24.4614 ± 0.4886 0.2241 ± 0.0235 0.9903

3.5.2. Quasi-Second-Order Kinetic Equation

The kinetic fitting process of quasi-second-order kinetic Equation (3) to the adsorption
data is as follows [21]:

dq
dt

= k2(qe − qt)
2 (3)

where k2 is the second-order reaction rate constant g·(mg/min), which can be transformed
into the following equation:

t
qt

=
1

k2q2
e
+

t
qe

(4)

After fitting, the obtained quasi-second-order kinetic parameters are shown in Table 2.
For TC, the correlation coefficients of quasi-second-order kinetic fitting range from 0.9166
to 0.9884. The correlation coefficients of second-order dynamic fitting for MB range from
0.9788 to 1.0000. The correlation coefficients for second-order kinetic fitting of Cu range
from 0.6347 to 0.9960. In general, the adsorption of MB by Si@Al is more consistent with the
quasi-second-order kinetic model, while the adsorption of Cu and TC is more consistent
with the quasi-first-order kinetic model, especially at a concentration of 100 mg/L; the
second-order kinetic simulation coefficient is only 0.6347.

Table 2. Second-order kinetic parameters of adsorption of different pollutants by Si@Al adsorbent.

Pollutants Initial Concentration (mg/L) qe (mg/g) k2 (g/(mg·min)) R2

TC

2 0.3106 ± 0.0091 5.1408 ± 1.2410 0.9884
5 1.0582 ± 0.0452 0.5962 ± 0.1611 0.9831

10 2.1240 ± 0.1617 0.2548 ± 0.1183 0.9538
20 4.4192 ± 0.5103 0.0937 ± 0.0619 0.9166

MB

100 24.6941 ± 0.0191 0.9700 ± 0.0278 1.0000
200 35.7059 ± 0.8401 0.4689 ± 0.3045 0.9788
300 64.1018 ± 0.9179 0.0424 ± 0.0062 0.9929
400 69.2090 ± 1.0490 0.0460 ± 0.0074 0.9918

Cu

5 1.2443 ± 0.0190 0.2689 ± 0.0272 0.9960
25 6.5718 ± 0.2986 0.0369 ± 0.0103 0.9720
50 13.7484 ± 0.3815 0.0194 ± 0.0034 0.9886
100 20.1271 ± 3.1451 4 × 10−44 ± 5.23 × 10−45 0.6347

3.5.3. Adsorption Isotherm

In this paper, Freundlich and Langmuir models were further fitted to the adsorption
process, so as to better understand the internal mechanism of Si@Al adsorption of pollutants.
It is reported that the Freundlich model is about the multi-layer physical adsorption process



Separations 2024, 11, 29 10 of 17

on an inhomogeneous surface, while the Langmuir model is about the adsorption process
on a single homogeneous surface [22]. Freundlich model Equation (5) and Langmuir model
Equation (6) are expressed as follows:

qe = KFC
1
n
e (5)

qe =
KLqmCe

1 + KLCe
(6)

where qe is the equilibrium adsorption capacity of Si@Al (mg/g). Ce is the concentration of
pollutants in the solution at adsorption equilibrium (mg/L); KF is the Freundlich model
constant; n is the adsorption strength constant. KL is the Langmuir model constant and qm
is the saturated adsorption capacity (mg/g).

Table 3 shows the fitting results of the Freundlich and Langmuir models. The results
show that both the Freundlich model and the Langmuir model can fit the experimental
results well. The correlation coefficient of Freundlich model fitting is 0.9569–0.9933, and
the correlation coefficient of Langmuir model fitting is 0.94444–0.9632. This indicates that
there is physical adsorption of Si@Al adsorbent on the three pollutants, which is consistent
with the results reported by most studies [23]. In comparison, the experimental data for the
adsorption of TC and MB at Si@Al are more consistent with the Freundlich model, while
the experimental data for the adsorption of Cu are more consistent with the Langmuir
model. The results show that when the Freundlich model constant 1/n < 2, adsorption is
more likely to occur, while when the constant 1/n > 2, adsorption is more difficult to occur.
In Table 3, the Freundlich model constant of MB is 1/n > 2, the results indicate that the
multilayer adsorption of MB on Si@Al is difficult to achieve, and the adsorption process
may be mainly single-layer adsorption, while the adsorption of Si@Al on TC and Cu may
occur on an uneven surface.

Table 3. Adsorption isotherm fitting parameters for different pollutants adsorption on Si@Al adsorbent.

Pollutants
Freundlich Langmuir

KF 1/n R2 qm (mg/g) KL R2

TC 1.0020 ± 0.2602 1.87854 ± 0.2566 0.9732 5.5160 ± 0.6685 0.1996 ± 0.0820 0.9444
MB 58.3113 ± 2.3331 2.7590 ± 0.1653 0.9933 157.4483 ± 12.3750 0.5283 ± 0.1543 0.9549
Cu 5.6356 ± 1.0684 1.6583 ± 0.5646 0.9569 50.5656 ± 2.9571 0.1525 ± 0.0263 0.9632

3.5.4. Adsorption Thermodynamics

The thermodynamic parameter enthalpy change (∆H, kJ/mol), entropy change (∆S,
J/mol·K) and Gibbs free energy change (∆G, kJ/mol) were analyzed to further validate the
properties of the adsorbent during adsorption. The three thermodynamic parameters are
calculated according to Formulas (7)–(9), respectively:

∆G = −RTlnK (7)

lnK =
∆S
R

− ∆H
RT

(8)

K = KL × CW (9)

where R (8.314 kJ/mol·K) is the ideal gas constant. T is the absolute temperature. KL is the
adsorption coefficient at different temperatures obtained using the Langmuir parameter
(L/mg). CW is the concentration of water (mg/L).

Table 4 shows the thermodynamic parameters of the adsorption process of TC, MB
and Cu by Si@Al adsorbent at temperatures of 25 ◦C, 35 ◦C and 45 ◦C. The results show
that the values of ∆G < 0 for the three pollutants indicate that the adsorption process of the
three pollutants was spontaneous. In this study, ∆S < 0, ∆H < 0 of TC indicated that the
chaos of the system decreased with the progress of the reaction, and it was an exothermic
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process. The ∆S > 0 and ∆H > 0 of MB indicated that the chaos of the system increased
with the progress of the reaction and was an endothermic process. The ∆S > 0 and ∆H < 0
of Cu indicated that the chaos of the system increased with the progress of the reaction, but
the reaction process was exothermic. These results showed that the Si@Al adsorbent was a
spontaneous process for TC, MB and Cu, and the reaction to TC and Cu was exothermic,
while the reaction to MB was endothermic. At the same time, for MB and Cu, entropy was
increased, but for TC, entropy was decreased.

Table 4. Thermodynamic parameters of each adsorption process at different temperatures.

Pollutants Temperature T KL CW K ∆G lnK ∆S ∆H

25 298 0.1996 1.732066 345.7204 −14.483 5.84563
TC 35 308 0.1896 1.85241 351.2169 −15.0094 5.861404 −11.57 −1.8135

45 318 0.1104 1.9652 216.9581 −14.2231 5.379704

25 298 0.5432 9.302987 5053.382 −21.1283 8.527813
MB 35 308 0.5283 12.42001 6561.493 −22.506 8.788973 158.62 2.6212

45 318 0.5121 19.23032 9847.848 −24.3102 9.195008

25 298 0.1506 0.88962 133.9768 −12.1343 4.897666
Cu 35 308 0.1525 0.806123 122.9338 −12.3212 4.811646 26.315 −4.246

45 318 0.1586 0.758895 120.3607 −12.6654 4.790493

3.6. Adsorption Mechanism

Based on the analysis in the above chapters, the adsorption mechanism of Si@Al
adsorbent on tetracycline and heavy metal is deduced, as shown in Figure 5A,B. In general,
the adsorption mechanism of the adsorbent on tetracycline and heavy metal is different.
Si@Al adsorption of tetracycline by adsorbent is a multi-layer heterogeneous adsorption
process dominated by physical adsorption, while the adsorption of MB is dominated
by single layer. In this process, there are various interactions between adsorbent and
tetracycline molecules, including electrostatic attraction, hydrogen bonding, π bonding and
pore filling (Figure 5A). To be specific, the removal rate of tetracycline and MB decreased
with the higher temperature, indicating that this adsorption may belong to exothermic
reaction, which is the manifestation of physical adsorption. The adsorption isothermal
simulation results show that this process is a multi-layer heterogeneous adsorption. For
porous materials, pore filling is an important mechanism, which has been reported by many
researchers [24]. In addition, because tetracycline and methylene blue have a benzene ring
π bond and a hydrogen bond, it is easy to produce a chemical hydrogen bond with the
adsorbent. The ionization of TC and MB molecules in aqueous solution carries a charge
and tends to generate electrostatic attraction between adsorbents.
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The schematic diagram of the adsorption mechanism of Si@Al adsorbent for heavy
metals is shown in Figure 5B. Temperature had a positive effect on the adsorption of Cu,
indicating that the process was mainly endothermic chemisorption. The adsorption isother-
mal simulation results showed that the adsorption of Cu was a multilayer heterogeneous
adsorption behavior. On the whole, the interaction between the adsorbent and metal ions
may involve complexation, ion exchange, electrostatic interaction and surface precipitation.
Specifically, due to the existence of a large number of lone pair electrons in oxygen atoms,
electrons are easily transferred or shared with the empty orbital of the target metal ion, thus
forming a new coordination bond. Combined with the results of quasi-second-order kinetic
adsorption, the complexation between surface oxygen-containing functional groups and
metal ions is the main mechanism of removing heavy metal ions from aqueous solution.
The results of the Al3+ ion percolation experiment (see Section 3.8) and EDS showed that
the content of aluminum on the surface of the material decreased, which confirmed that
there may be cation exchange during the adsorption process. Because the surface of the
adsorbent has a negative charge, there is electrostatic interaction with positive ions. For
MB or Cu in aqueous solution, it is easy to form a precipitate with OH− or CO3

2− on the
surface of the adsorbent, and there is surface deposition.

3.7. Effects of Co-Existing Substances

There are many inorganic ions or organic substances in the actual sewage, which
may compete with the target pollutants and occupy the adsorption sites, thus affecting
the adsorption effect of the adsorbents on the target pollutants. Therefore, this study
investigated the effects of inorganic ions and organic substances on the removal rates of
the three target pollutants, respectively, as shown in Figure 6. On the whole, the effect
of co-existing substances on the removal rate of the three target pollutants was not very
obvious. For NaCl, 0.1 mmol/L concentration of NaCl slightly increased the removal rate
of tetracycline, which may be because with the increase in ionic strength, on the one hand,
the electrostatic repulsion force was shielded and the adsorption capacity was enhanced.
On the other hand, the salt-out effect may have promoted the diffusion of pollutants to the
surface of the adsorbent material, and the final removal rate was improved [25]. However,
when the concentration of NaCl increased further, the removal rate of the target substance
decreased slightly, which may have been caused by the competition of adsorption sites.
For Na2HPO4 and Na2SO4, because the anion charge was higher than Cl−, the adsorption
site competition was intensified, so the removal rate of the target pollutants was slightly
reduced. For organic matter, it had no significant effect on the removal rate of target
pollutants, and it was slightly increased under certain concentration conditions, which may
be because organic matter had a certain hydrophobic effect and could only attract inorganic
adsorbents through π bond [26]. Therefore, the coexistence of organic matter had little
influence on the adsorption effect of inorganic pollutants. Tang et al. [27] also showed that
sodium ion did not affect the adsorption of TC, but humic acid promoted the adsorption
capacity of TC.

3.8. Recycling of Adsorbent and Ion Percolation

The recycling of adsorbent is an important index used to evaluate the efficiency of
adsorbent. In this study, the re-calcination method was used to regenerate adsorbent
without using organic or inorganic eluent, which can effectively avoid the production of a
large amount of waste liquid. As can be seen from Figure 7, the adsorption performance
of Si@Al catalyst decreased to a certain extent after repeated use, especially after the
adsorption of tetracycline. This may be because adsorbent particles will form caking with
repeated calcination during the process of multiple calcination. As a result, its adsorption
properties were also reduced. The adsorption performance of heavy metal ions decreased
less after the regeneration of the adsorbent, which may be because there was a strong
deposition of heavy metals on the surface of the adsorbent, but the pore filling effect was not
very obvious, so the caking phenomenon had a relatively small effect on the performance
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of the adsorbent. Up to now, some researchers have focused on the regeneration properties
of adsorbed materials. For example, Tang et al. [27] showed that modified activated
carbon adsorbed TC with sodium hydroxide had the best regeneration effect, and the
removal rate decreased by 8.60% after five cycles of use. Similar to the results of this
study, the performance of the adsorbent declined after the fifth cycle of use, so it was
recommended that Si@Al adsorbent be used for five cycles in this study. At present, the
number of recycling of various adsorbents is very different. Safardastgerdi et al. [28] showed
that a significant decline was observed after cycle 3 when using lignocellulosic biomass
functionalized with EDTA dianhydride to remove Cu2+ from wastewater. However, the
polydopamine nanofibers mat prepared by Jian et al. [29] still had adsorption stability after
10 uses.
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The ion percolation of adsorbents is also a problem that has been gradually paid
attention to. Although the adsorbents in this study did not contain highly toxic components,
we tracked and tested the ion percolation in the solution after each group of tests. Results
showed that Al3+ percolated into the solution, and the concentration of Al3+ percolates
ranged from 4.37 mg/L to 11.36 mg/L (Figure not shown). The percolation amount
increased especially after the adsorption reaction in the acidic solution, which may be
because the acidic solution had a certain corrosive effect on the catalyst. The prefiltration
concentration of silicon was 0.35 mg/L to 0.42 mg/L (measured in SiO2), which may be
because silicon struggles to exist in ionic form, usually forming strong chemical bonds with
other elements, and therefore is difficult to release.
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3.9. Comparison with Existing Literature

At present, the research on the removal of antibiotics and heavy metal ions by ad-
sorbents is very rich, and the research focus is mainly on the development of different
types of adsorbents. Table 5 provides a detailed comparison of the types of adsorbents,
preparation conditions, experimental conditions, and removal effects on target substances
in different studies. From the source of raw materials, the use of industrial solid waste in
this study not only has zero cost, but also reduces the pressure of solid waste treatment
in enterprises and produces environmental effects. As shown by the preparation method,
most of the existing adsorbent preparation process is lengthy and will use a variety of other
compounds, greatly increasing the cost of the agent. Usually, the calcination temperature
is high (450–800 ◦C), and nitrogen relief or a large amount of water washing will be used,
which not only wastes resources but also increases the time cost. In addition, the amount
of adsorbent in this study was 1 g/L, which was basically consistent with the amount of
adsorbent in other studies (0.5 g/L). From the perspective of reaction time, the adsorbent
in this study realized the adsorption process of antibiotics and heavy metal ions within
30 min, while some studies required several hours to complete the adsorption of pollutants.
Therefore, this adsorbent has the advantage of time cost. In terms of removal efficiency, the
Si@Al adsorbent in this study also has a good effect, which is significantly higher than the
adsorption efficiency in some studies [30].

Table 5. Comparison of Si@Al adsorbents with those reported in other literatures.

Reference Adsorbent Type Preparation Method Targeted
Pollutants

Removal
Rate (%)

Tang et al.,
2023 [27]

Fe-Al bimetallic
oxides

functionalized-
biochar

The pretreated sugarcane bagasse was heated at 600 ◦C
for 2 h under nitrogen condition. First, 40 g pretreated
bagasse was immersed in 800 mL mixed aqueous
solution of 10.81 g FeCl3•6H2O and 9.66 g
AlCl3•6H2O, and then mixed uniformly for 2 h to
acquire the admixture, and its pH was controlled to 10
by making use of NaOH solution. Next, the dispersion
was continuously magnetically agitated for 4 h,
naturally deposed for 18 h, then put into an oven at
80 ◦C to dry to constant weight. Ball milled-Fe-Al
oxides-decorated BC was manufactured by a planetary
ball mill machine. Briefly, the precursor material and
the abrasive pellets were placed in a ball milling
canister at the mass ratio of 1:100, and the machine was
programmed to 700 rpm, then the product was
obtained after ball milling for 2 h.

TC -
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Table 5. Cont.

Reference Adsorbent Type Preparation Method Targeted
Pollutants

Removal
Rate (%)

Jian et al.,
2021 [29]

polydopamine
nanofibers mat

Briefly, 0.12 g of dopamine hydrochloride was
dissolved into 200 mL water. Then, 0.2 g of
polyacrylonitrile nanofibers mat was soaked entirely
into the above solution. After that, 0.48 g of
tris(hydroxymethyl) aminomethane was added and
dissolved to initiate dopamine polymerization. After
gentle oscillation for 2 h at room temperature, the
obtained PDA-NFsM was washed with water and
dried at 60 ◦C under vacuum for 24 h.

TC, OTC,
CTC 85.7–96.8%

Yin et al.,
2023 [18]

magnetic
microspheres and
modified Chitosan

First, 3.0 g of SA was added to 50 mL of deionized
water at 60 ◦C and stirred for 1 h until it completely
dissolved into a uniform viscous solution. At the same
time, 1.0 g of CS was added to a 4% PVA solution
(50 mL) prepared from deionized water and stirred
until the solution was well mixed. The above mixture
was then slowly poured into the SA solution while
adding and stirring 1.5 g of Fe3O4. The solution was
then slowly dropped into 200 mL of CaCl2 (5%) using a
5 mL syringe, resulting in the formation of gel beads
within a few seconds. After curing for 30 min, 2 mL of
Epichlorohydrin was added, and the curing process
was continued in a water bath at 60 ◦C for 2 h. Finally,
the gel beads were rinsed repeatedly using deionized
water and freeze-dried under a vacuum at −60 ◦C to
obtain SCFP with an average particle size of 4.5 mm.

Cu2+ 97.1%

This study Si@Al adsorbent Precipitated waste was calcined with sodium silicate at
a mass ratio of 4:1 at 200 ◦C for 2 h. TC, Cu, MB 98.02–99.99%

4. Conclusions

An interesting, simple and feasible preparation method of Si@Al adsorbent was con-
ducted by electroflocculating precipitated waste. The following conclusions were obtained.

The ratio of sodium silicate and electroflocculating precipitated waste was 1:4, and
then calcination at 200 ◦C to obtain the best performance of the Si@Al adsorbent. The
prepared adsorbent particles were nanometers and clearly layered, and the internal results
showed amorphous diffraction. Si@Al adsorbent had good adsorption properties for TC,
MB and Cu. Its dosage was small (1.0–4.0 g/L), its adsorption time was short (10–30 min),
its adsorption efficiency was high (>95%) and its pH application range was wide (4.5–8.5).
The adsorption of tetracycline and methylene blue by adsorbents was a physical adsorption,
multi-layer heterogeneous (TC) and single-layer homogeneous (MB) adsorption process.
The adsorption of Cu was dominated by multi-layer heterogeneous chemical adsorption
behavior. The performance of the adsorbent was less affected by inorganic ions and organic
matter, and the concentration of harmful ions in the leachate was low. The adsorbent could
be reused five times after regeneration. Through comparison, the adsorbent had obvious
advantages in the preparation process, time cost, economic benefit and removal effect. The
highest tetracycline removal rate was 97.13%, the maximum removal rate of MB was 96.39%
and the removal rate of Cu was up to 97.47%. Compared with similar experiments, the
results show that Si@Al adsorbent has a better adsorption effect on MB and Cu. If sodium
alginate or microcrystalline cellulose composite hydrogel (SA/MCC) is used as adsorbent
to adsorb MB, the maximum adsorption is 95%. The adsorption effect of Si@Al adsorbent
on MB was up to 96.39%. The adsorption effect of magnetic microspheres and modified
chitosan adsorbents on Cu is 97.1%, and the adsorption effect of Si@Al adsorbents on Cu is
up to 97.47%. This could allow the goal of successfully implementing “waste utilization,
waste into treasure, economic and efficient” processes to be achieved.
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