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tetracycline in water: Factors and adsorption
mechanism in aquatic environments

Yan Shi,1,2,3,* Xin Wang,1 Changping Feng,1 and Shipeng Yang1

SUMMARY

In response to escalating environmental concerns surrounding antibiotic pollution, the utilization of cal-
cium-montmorillonite minerals for tetracycline wastewater treatment is gaining prominence. This study
systematically analyzed the physicochemical properties of calcium-montmorillonite through scanning
electron microscope, contact angle analysis, X-ray diffraction, and Fourier transform infrared spectros-
copy. It explored the adsorption efficacy and mechanisms for tetracycline removal, considering factors
like initial pH, adsorption duration, concentration, and co-cations (Na+ and Ca2+). Under optimized condi-
tions, achieving over 90% tetracycline removal with a maximum adsorption capacity of 526 mg/g, the
study revealed competitive adsorption sites for coexisting cations. The Langmuir model best described
the monolayer adsorption process, while kinetic studies favored the pseudo-first-order model. This
research offers comprehensive insights into tetracycline adsorption on calcium-montmorillonite, empha-
sizing its potential as an efficient, cost-effective adsorbent for pharmaceutical wastewater treatment.

INTRODUCTION

Tetracycline drugs have a wide range of applications in animal and in the aquaculture industry, which is due to factors such as their low cost,

broad spectrum, and high antimicrobial activity.1 The dosage of tetracycline is large, but its absorption and utilization rates are low in ani-

mals,2 which causes 50%–80% of tetracycline drugs to enter the natural environment as antibiotic pollutants without being metabolized.3

A large number of antibiotics in the environment will lead to an increase in antibiotic-resistant bacteria. Tetracycline drugs in soil and water

will also enter the human body through the food chain,4,5 which ultimately poses a risk that endangers human health. Figure 1 shows the mo-

lecular formula of tetracycline.

Montmorillonite is the main mineral composition of inorganic non-metallic mineral bentonite. According to the types of exchangeable

cations, bentonite can be divided into four categories: sodium-based, calcium-based, Mg-based, and Al (hydrogen)-based bentonite.6

The general structure of montmorillonite is IV(Si4)
VI(Al2-y-Mgy)O10-(OH)2, y M + n H2O (M+ is interlayer exchangeable cation).7 Its main com-

ponents are Si, Al, Fe, and Mg oxides. Montmorillonite minerals belong to 2:1 type of Al-Mg layered silicate minerals containing H2O. Two

layers of Si-O tetrahedron and one layer of A1-(O, OH) octahedronmake up the structural unit, with adjacent structural layers frequently form-

ing an interlayer domain containing hydration cations,8,9 belonging to the monoclinic system. Figure 2 shows the structural formula of mont-

morillonite. The Si4+ in the silica tetrahedron can be replaced by Al3+ and Fe3+, and the Al3+ in the alumina octahedron can be replaced by

low-valent cations such as Mg2+ and Fe2+, which makes the crystal structure of montmorillonite negatively charged. In order to achieve elec-

trical charge balance, montmorillonite cells adsorb exchangeable cations. They are located between the unit layers, so their interlayer do-

mains have good ion exchange properties and adsorption characteristics.10,11 Montmorillonite also has nano or micron particle size and large

specific surface area, and its end face often contains a large number of hydroxyl groups (such as silanol group, Al/Mg/Fe hydroxy).12,13 In

addition, there are Brønsted acid (B acid) and Lewis acid (L acid) on the surface and edge ofmontmorillonite.14 These structural characteristics

of montmorillonite determine that it has strong surface/interface reactivity, and its structure and properties are easy to control.14

Adsorption uses porousmaterials with a large specific surface area, known as adsorbents, to treat pollutants in wastewater.15,16 Adsorbent

properties are what determine the method of absorbance. Adsorption can be divided into three basic types: exchange adsorption, physical

adsorption, and chemical adsorption. Adsorption occurs when the solute gathers on the surface of the adsorbent and replaces the charged

ions on the surface of the adsorbent under the action of electrostatic attraction.17 Physical adsorption is due to the van der Waals force be-

tween solute and adsorbent. The solutes adsorbed physically have no fixed position on the adsorbent surface.18 Chemical adsorption refers

to the process of chemical reaction between a solute and an adsorbent to form chemical bonds and surface complexes.18 Adsorption can

occur by one or more of these methods simultaneously.
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Montmorillonite is widely distributed in nature with rich reserves and low prices. It is widely used to preparemulti-functional environmental

materials for the adsorption and removal of various pollutants in sewage. Montmorillonite has good adsorption capacity for heavy metal,19–21

radionuclide,22–24 phosphate,25–27 and other ions.28–30 However, due to the existence of strong polar groups on the surface and end face of its

structural lamella, montmorillonite generally shows strong hydrophilicity and hydrophobicity, which makes its adsorption performance for

weak polar and non-polar organic substances poor, limiting its application scope.14

In order to expand the scope and depth of the application of montmorillonite, the adsorption experiment of tetracycline with calcium-

montmorillonite was put forward to study its adsorption performance.1 At the same time, the effects of initial pH, adsorption duration, initial

concentration, and co-cations (Na+, Ca2+) electrolytes on tetracycline adsorption were investigated.31 Scanning electron microscope (SEM),

X-ray diffraction (XRD), Fourier transform infrared (FTIR), contact angle, and other characterization methods were used to study the structural

characteristics of montmorillonite, and the adsorptionmechanismwas analyzed in combination with the structural characteristics and adsorp-

tion performance to provide a theoretical basis for montmorillonite to adsorb antibiotic organics.

Experimental instruments and materials

The instruments used in the experiment include constant-temperature oscillator, high-speed centrifuge, ultraviolet-visible spectrophotom-

eter, SEM, infrared spectrometer, X-ray powder diffractometer, and contact angle measuring instrument.

Tetracycline; molecular formula: C22H24N2O8; calcium-montmorillonite, the place of origin is Ningcheng, Inner Mongolia, with a cation

exchange capacity (CEC) of 97.9 mmol/100 g (CEC determined according to the national standard method), as detailed in Table 1; hydro-

chloric acid (HCl); distilled water; calcium chloride (CaCl2); sodium hydroxide (Na(OH)); and sodium chloride (NaCl).

Preparation of nano-montmorillonite

Referring to the experimental method of Pi Zhenbang, the preparationmethod of nano-montmorillonite is as follows. (1) Sequentially add the

following components to the container: 8.6 g of butyl acetic acid, 25 mL of distilled water, 22 mL of hydrochloric acid, and 32 mL of anhydrous

ethanol. Maintain temperature at 60 �C at atmospheric pressure and stir the reaction for 4 h to obtain a gel. (2) Add 5 g of montmorillonite

powder to the gel obtained in the previous step. Maintain the temperature at 60 �C at atmospheric pressure and continue stirring for 4 h.

Then, proceed with filtration, separation, washing, and finally drying to obtain the end product.

Adsorption experiment

A certain amount ofmontmorillonite was weighed into a conical flask, and 100mL of simulatedwastewater containing tetracycline was added.

The conical bottle was placed in a 25�C constant-temperature oscillator to oscillate (180 r/min) away from light. After oscillating for a period of

time, appropriate amount of supernatant was taken and the concentration of tetracycline in adsorbed wastewater was determined by ultra-

violet spectrophotometer.

(1) The impact of different adsorption times on adsorption efficiency

0.03 g of calcium-montmorillonite was added to a 50 mL tetracycline solution with an initial concentration of 200 mg/L and a pH of 4.

The experiment was conducted following the method described earlier. Samples were collected at intervals of 0, 1, 5, 10, 30, 60, 120,

and 180 min, and their concentrations were analyzed.

(2) The impact of different initial tetracycline concentrations on adsorption efficiency

0.03 g of calcium-montmorillonite was added to a 50 mL tetracycline solution with varying initial concentrations of 20, 40, 60, 80, 120,

300, and 500 mg/L, all at a pH of 4. The experiment was conducted following the method described earlier, and the results were

analyzed.

(3) The impact of different initial pH values on adsorption efficiency

0.03 g of calcium-montmorillonite was added to a 50 mL tetracycline solution with an initial concentration of 200 mg/L. The pH was

adjusted to different levels, including pH 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10. The experiment was conducted following themethod described

earlier, and the results were analyzed.

Figure 1. Structural formula of tetracycline
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(4) The impact of different electrolytes on adsorption efficiency

0.03 g of calcium-montmorillonite was added to a 50 mL tetracycline solution with an initial concentration of 200 mg/L and a pH of 1.

Solutions containingNa⁺ andCa2⁺ at a concentration of 0.1mol/L were prepared separately and added to the solution. A blank solution

(without the addition of any cations) was also prepared. The experiment was conducted following the method described earlier, and

the results were analyzed.

Characterization methods for adsorbents

The material was characterized using a SEM (JSM-IT300, Japan) with a scanning voltage of 20.0 kV. Contact angle analysis was performed

using a contact angle measurement instrument (ZH10692, China). XRD analysis of the material before and after modification was carried

out using an X-ray diffractometer (RIGAKU Ultima IV, Japan) with a cobalt target, a radiation voltage of 40 kV, and a current of 30 mA. The

diffraction spectrum was collected in the angular range of 5�–80�, with a scanning speed of 10�/min. FTIR spectroscopy analysis of the

material was conducted using an infrared spectrometer (SHIMADZU IR Tracer 100, Japan). The samples were prepared with potassium

bromide (KBr) microspheres, and the wavenumber range analyzed was 400–4,000 cm�1. The surface area, pore volume, and pore size

of the material were determined using a Brunauer-Emmett-Teller (BET) surface area analyzer (ASAP 2020HD88, USA) at a measurement

temperature of 77 K.

Adsorption model

Adsorption dynamic model

The quasi-first-order kinetic equation uses adsorption capacity to describe the adsorption rate, which can explain the adsorption kinetic pro-

cess of various adsorbents. The equation is expressed as follows:

qt = qe

�
1 � e� k1t

�
(Equation 1)

where qt is the adsorption capacity at t, mg/g; qe is the equilibrium adsorption capacity, mg/g; and k1 is the rate constant for adsorption

reaction, min�1; The pseudo-second-order kinetic equation is suitable for describing the whole adsorption process, and its equation can be

expressed as

t

qt

=
1

k2q2
e

+
1

qe

t (Equation 2)

whereqt is the adsorption capacity at t, mg/g; qe is the equilibrium adsorption capacity, mg/g; and k2 is the rate constant for second-order

reaction, g/(mg$min). Elovich dynamic equation is suitable for describing the whole adsorption process, and its equation can be expressed as

qt = a+ klnt (Equation 3)

here qt is the adsorption capacity at t, mg/g; k is the adsorption rate constant, mg/(g$min); and a is a constant.

Isothermal adsorption model

The isothermal adsorption model of Langmuir and Freundich equation was used to study the adsorption behavior of montmorillonite on

tetracycline.32–34

Figure 2. Schematic diagram of montmorillonite layered structure
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The Langmuir isothermal model assumes that the monolayer covers the surface of the adsorbent, and the adsorbents have the same force

on the solid surface and do not interact with each other.35–37 Its expression is given as follows:

Ce

qe
=

Ce

qm
+

1

qm,kl
(Equation 4)

where qe is the adsorption capacity at equilibrium reaction, mg/g; qm is the maximum adsorption capacity, mg/g; Ce is the concentration

of pollutants in equilibrium solution, mg/L; and kl is the adsorption constant.

The Freundlich isothermal model is based on multi-layer adsorption on heterogeneous surface, and its expression is as follows:

ln qe =
1

n
ln Ce + ln kf (Equation 5)

where qe is the adsorption capacity of unit mass adsorbent for pollutants, mg/g; Ce is the concentration of pollutants in equilibrium

solution, mg/L; kf is the adsorption constant; and 1
n is the adsorption nonlinearity parameter.

RESULTS AND DISCUSSION

Influence of various factors on the adsorption effect of tetracycline

The effect of adsorption duration on adsorption of tetracycline by calcium-montmorillonite

Figure 3A presented the effect of duration on adsorption performance. The adsorption efficiency of the tetracycline solution showed an over-

all upward trend with increased duration. The adsorption tended to be stable after 60 min and indicated that the adsorption equilibrium time

was 60 min.

The effect of initial concentration of solution on adsorption of tetracycline by calcium-montmorillonite

As shown in the Figure 3B, the system’s adsorption amount gradually increased to a steady state as the initial concentration of tetra-

cycline increased. At this time, the maximum adsorption capacity of tetracycline was 500 mg/g and the equilibrium concentration was

120 mg/L. The adsorption capacity of the system did not change significantly when the initial concentration of tetracycline was further

increased.

The effect of different values of pH on adsorption of tetracycline by calcium-montmorillonite

As shown in Figure 3C, the removal effect of calcium-montmorillonite on tetracycline was better in acid conditions and worse in alkaline con-

ditions. When pH = 1, the adsorption capacity of tetracycline adsorbed by calcium-montmorillonite was 296.7 mg/g. When pH = 10, the

adsorption capacity of tetracycline was only 132.3 mg/g. This result is the same as that of Zou et al.38

The effect of different cation types of electrolyte on adsorption of tetracycline by calcium-montmorillonite

The addition of different cation types of electrolytes in the adsorption process had a great influence on the adsorption of tetracycline by

calcium-montmorillonite. When Na+ and Ca2+ electrolyte ions were added, the maximum adsorption capacity of tetracycline was

254.1 mg/g and 147.3 mg/g, respectively. It showed that the addition of cations made the cations in the solution compete with tetra-

cycline, thus reducing the adsorption capacity of the target adsorbate. This was consistent with the findings of Zou et al.38 Figure 3D

illustrated that the effect of Ca2+ on the adsorption of tetracycline by calcium-montmorillonite is much greater than that of Na+. It can

be inferred that the higher the valence of cations the stronger the ability to compete for the adsorption sites of montmorillonite

minerals.

Adsorbent characterization

(1) The particle size of sodium calcium-montmorillonite is about 10 mm. It can be seen from Figure 4A that the particles are gath-

ered by some small layers. The contact angle of calcium-montmorillonite before and after adsorption of tetracycline changed

significantly. As shown in Figure 4B, the contact angle of calcium-montmorillonite without adsorption of tetracycline was 33�,
while the contact angle became 46.5� after adsorption of tetracycline. It can be inferred that calcium-montmorillonite changed

from hydrophilicity before adsorption of tetracycline to hydrophobicity after adsorption of tetracycline.39 Comparing with the

XRD patterns of calcium-montmorillonite at different initial concentrations in Figure 4C, it can be seen that the peak shifted to

Table 1. CEC of montmorillonite from Ningcheng, Inner Mongolia

Material CEC (mmol/100g) Ca2+ (100 g) tendency Mg2+ (100 g) tendency

Natural montmorillonite 97.9 44.2 3.6

CEC is the cation exchange capacity.

ll
OPEN ACCESS

4 iScience 27, 108952, February 16, 2024

iScience
Article



a small angle with the increase of solution concentration, indicating that the interlayer spacing of calcium-montmorillonite had

changed. There was a strong absorption band near the middle frequency range of 1,030 cm�1 in the infrared spectrum of cal-

cium-montmorillonite, which was caused by the antisymmetric stretching vibration of Si-O-Si of calcium-montmorillonite. It can

be seen from Figure 4D that the interlayer spacing of calcium-montmorillonite increased with the addition of tetracycline, but

the interlayer spacing of calcium-montmorillonite after the addition of cations was smaller than that without cationic electrolyte,

especially when Ca2+ electrolyte was added, showing that the cationic electrolyte formed a competitive relationship with tetra-

cycline and inserted into the layers of calcium-montmorillonite. As shown in Figure 4E, combined with the infrared spectrum,

tetracycline molecule had been adsorbed by calcium-montmorillonite. The results of the determination of the specific surface

area and pore structure of nanoscale montmorillonite are as follows: BET specific surface area is 247 m2/g; total pore volume is

9.84 cm3/g; and average particle size is 364 nm. This indicates that nanoscale montmorillonite particles have a relatively sub-

stantial specific surface area and a significant pore structure, making them suitable for use as an efficient adsorbent for adsorb-

ing tetracycline.

The recycling and utilization of nano-montmorillonite

After the adsorption of tetracycline by nano-montmorillonite, the recovery and reuse of the adsorbent typically involve several methods,

including physical methods (precipitation, filtration), chemical methods (acid-base washing, desorption), thermal regeneration (high-temper-

ature treatment), wastewater treatment, and reuse (wastewater treatment, soil improvement). Many scholars have conducted extensive

research on this topic. Tang et al. treated the products of magnetic montmorillonite adsorbed with tetracycline by placing them in a solution

of 50 mg/L potassium persulfate (K2S2O8). Oscillation desorption was performed for 30 min at room temperature, followed by solid-liquid

separation under the conditions of an appliedmagnetic field for the recovery of montmorillonite. The results indicated that thematerial could

be reused for up to 5 cycles.40 Maged et al. utilized 0.1 MNaOH as an eluent for regeneration studies on thermally activated montmorillonite

adsorbed with tetracycline, demonstrating that thematerial could be reused for 5 cycles.41 Zhang employed high-temperature calcination for

the recovery of magnetic montmorillonite after adsorption of tetracycline. The study showed that, after three cycles of calcination regener-

ation, the regeneration rate remained above 80%.42

Figure 3. Influence of various factors on tetracycline adsorption

(A) Change of adsorption capacity with time.

(B) Variation of adsorption capacity with initial concentration of tetracycline(TC).

(C) Change of adsorption capacity with initial pH.

(D) Effect of different cation types of electrolyte on adsorption of tetracycline by montmorillonite.
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Adsorption mechanism

Adsorption kinetics analysis

The pseudo-first and second-order kinetics fitting curves of calcium-montmorillonite adsorption tetracycline were shown in Figure 5A. As can

be seen from Table 2, the R2 value of the pseudo-first-order kinetic model is 0.986, which is larger than that of the second-order kinetic model

and Elovich model. Therefore, the fitting accuracy of the quasi-first-order kinetic equation was better than that of the quasi second-order ki-

netic equation. The pseudo-first-order kinetic equation’s reaction rate k was 0.291 g/(mg$min). The pseudo-first-order kinetic equation

showed that physical adsorption is the main interaction between adsorbent and adsorbate. This result is the same as that of Zhang et al.42

Adsorption isotherm analysis

The Langmuir and Freundlich fitting isotherm fitting curves for the adsorption of tetracycline by calcium-montmorillonite are shown in Fig-

ure 5B. It can be seen from Table 3 that the linear correlation coefficient fitted by the Langmuir isothermal equation was 0.974, which was

higher than that fitted by the Freundlich isothermal equation. This was indicative that the adsorption process was more consistent with

the uniform adsorption of the monolayer described by the Langmuir equation. The maximum adsorption capacity calculated by Langmuir

isothermal adsorption model was 558.184 mg/g. This value was consistent with the experimental data. The 1/n of the Freundlich equation

was 0.170, meaning that the adsorption index n was greater than 1, indicating that the adsorption nonlinearity of calcium-montmorillonite

on tetracycline was significant and that there were different adsorption sites for calcium-montmorillonite adsorption.43

Mechanism analysis of reaction system

Montmorillonite belongs to monoclinic system, and its crystal structure is characterized by the combination of two layers of silicon oxide tet-

rahedron chips and one layer of Al oxide octahedron chip between them to form a crystal layer. The two structural unit layers are combined by

Figure 4. Characterization of nano-montmorillonite

(A) SEM image of montmorillonite (Measurement conditions: JSM-IT300 scanning electron microscope was used, and the scanning voltage was 20.0 kV).

(B1 and B2) Change of contact angle of montmorillonite before and after adsorption of tetracycline(TC).

(C1 and C2) XRD of montmorillonite at different initial concentrations of tetracycline(TC).

(D) XRD patterns of montmorillonite added with different electrolyte cation types.

(E) FTIR analysis of montmorillonite after adsorption of tetracycline(TC).
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molecular force, and the structure is relatively loose, which will cause relative movement and expansion between the lower layers under the

action of external force or polar water molecules. Al ions in Al-O octahedron can be replaced by Mg, iron, zinc, and other ions.44–46 The

replacement rates can reach 20%–30%. Therefore, montmorillonite minerals have the ability to adsorb cations and polar organic molecules.

Tetracycline has different ionization functional groups. As shown in Figure 6A, the charge number of tetracycline molecules was also different

when the pH value of the solution was different. Tetracycline exists in four forms in aqueous solution.47–50 When pH is less than 3.3, it mainly

exists in the form of monovalent cation. When pH is between 3.3 and 7.7, it mainly exists in the form of amphoteric ions. When pH is greater

than 7.7, tetracycline mainly exists in the form of univalent anion or bivalent anion. When pH is greater than 9.3, it mainly exists in molecular

form. Montmorillonite is an interlayer negatively charged mineral. Under acidic conditions, tetracycline existed in the solution in the form of

cation. Due to the electrostatic attraction, it was easy for tetracycline to enter the interlayer of montmorillonite to replace its interlayer cation

and increase the interlayer spacing. Under alkaline conditions, tetracycline existed in molecular form or negatively charged form, so ion ex-

change is not easy with montmorillonite. Moreover, tetracycline was an organic matter, which changed the hydrophilicity and hydrophobicity

of montmorillonite after adsorbing tetracycline. Figure 6B showed the adsorption mechanism of montmorillonite on tetracycline.

Conclusion

(1) Nano-montmorillonite demonstrates remarkable adsorption efficiency for tetracycline. Optimal reaction conditions (initial tetracycline

concentration of 120 mg/L, initial pH of 1, adsorption time of 60 min, and an optimal dosage of 0.03 g/L calcium-based montmoril-

lonite) can achieve a tetracycline removal rate exceeding 90%, with a maximum adsorption capacity of 526 mg/g.

(2) The adsorption process is best described by the Langmuir equation, signifying homogeneous adsorption involving a single molecular

layer. Tetracycline adsorption ontomontmorillonite occurs as a monolayer physical adsorption. The results reveal that tetracycline can

intercalate within the interlayer of montmorillonite, leading to a significant alteration in the contact angle of montmorillonite, transi-

tioning from hydrophilic to hydrophobic.

(3) Nano-montmorillonite emerges as an efficient adsorbent for tetracycline wastewater treatment, offering promising prospects for prac-

tical applications.

Limitations of the study

The adsorption performance is significantly influenced by environmental factors, such as water pH and temperature. This variability makes it

challenging to maintain consistent removal efficiency for tetracycline under different water quality conditions, restricting its applicability in

diverse environments.

Figure 5. Kinetic fitting and isotherm fitting

(A) Kinetic fitting curve.

(B) Langmuir and Freundlich fitting isotherm.

Table 2. Related parameters of the kinetic model of TC adsorption by montmorillonite

Parameter k qe R2

Pseudo-first-order model 0.091 300.567 0.998

Pseudo-second-order model 0.071 329.733 0.989

parameter k a R2

Elovich dynamic model 55.913 55.913 0.849

k is adsorption rate constant, qe is equilibrium adsorption capacity, R2 is correlation coefficient, a is constant.
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Table 3. Relevant parameters of Langmuir and Freundlich models for TC adsorption by montmorillonite

qm(mg/g) kl (L/mg) R2

Langmuir model 558.184 0.068 0.974

kf (mg/g) 1/n R2

Freundlich model 200.706 0.170 0.846

qm is maximum adsorption capacity, k is adsorption rate constant, R2 is correlation coefficient, a is constant, 1/n is adsorption nonlinearity parameter.

Figure 6. Adsorption mechanism of tetracycline by nano-montmorillonite

(A) The different existence form of tetracycline hydrochloride under the condition of different medium pH.

(B) Adsorption mechanism of calcium-montmorillonite to tetracycline under acidic conditions.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be completed by the primary contact, Dr. Yan Shi

(syshiyan@126.com).

Materials availability

In this study, nano-montmorillonite was prepared.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.
� Any additional information necessary to reanalyze the data reported in this article is available upon request from the primary contact,

Dr. Yan Shi (syshiyan@126.com).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Themodels used in the experimentmainly includeQuasi-first-order kineticmodel,Quasi-second-order kineticmodel, Elovich dynamicmodel

and Langmuir isothermal model and Freundlich isothermal model. All the experiments involve no laboratory animals.

METHOD DETAILS

Materials

Tetracycline; molecular formula: C22H24N2O8; calcium-montmorillonite, the place of origin is Ningcheng, Inner Mongolia with a CEC of

97.9 mmol/100 g (CEC determined according to the national standardmethod), as detailed in Table 1; hydrochloric acid (HCl); distilled water;

calcium chloride (CaCl2); sodium hydroxide (Na(OH)) and sodium chloride (NaCl).

Preparation of nano montmorillonite

Referring to the experimental method of Pi Zhenbang, the preparationmethod of nano-montmorillonite is as follows: (1) Sequentially add the

following components to the container: 8.6 g of butyl acetic acid, 25 mL of distilled water, 22 mL of hydrochloric acid, and 32 mL of anhydrous

ethanol. Maintain temperature at 60 �C at atmospheric pressure, stir the reaction for 4 h to obtain a gel. (2) Add 5 g ofmontmorillonite powder

to the gel obtained in the previous step. Maintain the temperature at 60 �C at atmospheric pressure and continue stirring for 4 h. Then, pro-

ceed with filtration, separation, washing, and finally drying to obtain the end product.

Scanning electron microscopy (SEM) results and analysis

The particle size of sodium calcium-montmorillonite is about 10 mm. It can be seen from Figure 4A that the particles are gathered by some

small layers. The contact angle of calcium-montmorillonite before and after adsorption of tetracycline changed significantly.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

TC MACKLIN 60-54-8

calcium-montmorillonite MACKLIN 1318-93-0

HCl LUOYANG CHEMICAL REAGENT FACTORY 7647-01-0

Na(OH) LUOYANG CHEMICAL REAGENT FACTORY 1310-73-2

CaCl2 MACKLIN 10043-52-4

NaCl MACKLIN 14762-51-7

butyl acetate Xi’an Sanpu Chemical Reagent Co., Ltd 123-86-4

absolute ethyl alcohol Sinopharm Chemical Reagent Co., Ltd 64-17-5
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Characterization and analysis of contact angle

As shown in Figure 4B, the contact angle of calcium-montmorillonite without adsorption of tetracycline was 33�, while the contact angle

became 46.5� after adsorption of tetracycline. It can be inferred that calcium-montmorillonite changed from hydrophilicity before adsorption

of tetracycline to hydrophobicity after adsorption of tetracycline.39

X-Ray diffraction (XRD) results and analysis

Comparing with the XRD patterns of calcium-montmorillonite at different initial concentrations in Figure 4C, It can be seen that the peak

shifted to a small angle with the increase of solution concentration, indicating that the interlayer spacing of calcium-montmorillonite had

changed. There was a strong absorption band near the middle frequency range of 1 030 cm�1 in the infrared spectrum of calcium-montmo-

rillonite, which was caused by the antisymmetric stretching vibration of Si-O-Si of calcium-montmorillonite. It can be seen from Figure 4D that

the interlayer spacing of calcium-montmorillonite increased with the addition of tetracycline, but the interlayer spacing of calcium-montmo-

rillonite after the addition of cations was smaller than that without cationic electrolyte, especially when Ca2+ electrolyte was added, showing

that the cationic electrolyte formed a competitive relationship with tetracycline and inserted into the layers of calcium-montmorillonite.

Fourier infrared spectroscopy (FT-IR) results and analysis

As shown in Figure 4E, combined with the infrared spectrum, tetracycline molecule had been adsorbed by calcium-montmorillonite. The re-

sults of the determination of the specific surface area and pore structure of nanoscale montmorillonite are as follows: BET specific surface

area: 247 m2/g; Total pore volume: 9.84 cm3/g; Average particle size: 364 nm. This indicates that nanoscale montmorillonite particles have

a relatively substantial specific surface area and a significant pore structure, making them suitable for use as an efficient adsorbent for adsorb-

ing tetracycline.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses and software used in this section are primarily Origin2018, and all data in Figures 3, 5, and 6 are averages of three sets of

experimental data. We do not use any method in this section to determine whether the data conforms to the assumptions of statistical

methods.
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