
* Corresponding author.
†These authors have contributed equally to this work and share first authorship.

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2022.28980

278 (2022) 159–168
December 

Performance comparison of Mg-loaded amphoteric clays in antibiotics 
adsorption from aqueous solutions

Wen-bin Lia,b,†, Shu-ni Zhoua,†, Hong-yan Denga,*, Abbas Touqeerc

aCollege of Environmental Science and Engineering, China West Normal University, Nanchong Sichuan 637009, China,  
emails: dhongyan119@163.com (H.-y. Deng), 3234017295@qq.com (S.-n Zhou), lwb062@163.com (W.-b. Li) 
bInstitution of Environmental Science, China West Normal University, Nanchong, Sichuan 637002, China 
cDepartment of Soil, Water, and Climate, University of Minnesota, Twin 637009, USA,  
email: abbastouqeer@yahoo.com (A. Touqeer)

Received 17 June 2022; Accepted 4 October 2022

a b s t r a c t
To explore the adsorption performance of antibiotics in different amphoteric clays loaded with 
magnesium (Mg) and dodecyl dimethyl betaine (BS) was used to modify bentonite (B), kaolin 
(K), and diatomite (D) to obtain different amphoteric clays (named as BS-B, BS-K, and BS-D, 
respectively). Then, Mg-loaded amphotropic clays (abbreviated as Mg-BS-B, Mg-BS-K, and 
Mg-BS-D, respectively) were obtained by loading Mg ions on BS-B, BS-K, and BS-D. The isother-
mal adsorption characteristics of tetracycline (TC), chlortetracycline (CTC), and oxytetracycline 
(OTC) were studied by batch treatment with B, K, and D as the controls, and the adsorption dif-
ferences under different environmental factors (i.e., temperature, pH, and ionic strength) were 
compared. The results show that the following. (1) The TC, CTC, and OTC adsorptions of the 
tested samples were all suitable for Langmuir isothermal adsorption model, and the maximum 
adsorption capacities (qm) were 1.70–5.21 mol/kg (TC), 1.80–5.94 mol/kg (CTC), and 1.81–6.28 mol/
kg (OTC). Under the same modification conditions, the qm of TC, CTC, and OTC followed the 
order Mg-BS-B > Mg-BS-K > Mg-BS-D. (2) When the temperature changed from 25°C to 45°C, 
the adsorption amount of TC, CTC, and OTC on the tested samples increased, exhibiting a pos-
itive temperature effect. The thermodynamic parameters showed that the adsorption of TC, 
CTC, and OTC was spontaneous, endothermic, and entropic-_increasing processes. (3) In the 
pH range of 2–10, the adsorption amount of TC, CTC, and OTC on each soil sample increased 
first and then decreased and reached the peak value at pH = 6. With the increase of the ionic 
strength, the adsorption amount of the three antibiotics decreased, and the decrease ranges 
were 15.17%–84.17% (TC), 16.07%–68.07% (CTC) and 16.30%–76.54% (OTC).
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1. Introduction

With the continuous improvement of breeding indus-
try, numerous antibiotics have been used in livestock and 
poultry in the pursuit of economic benefits, resulting in the 
abuse of antibiotics and a great threat to human health [1,2].  

Tetracycline (TC), chlortetracycline (CTC), and oxytetra-
cycline (OTC) are the most widely used antibiotics in cur-
rent animal breeding. A large percentage of antibiotics 
cannot be completely absorbed by the animal body and 
enter the water environment in the form of protoforms or 
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metabolites, resulting in the increasingly serious pollution 
of water [3,4]. The adsorption method has a strong applica-
tion value in the field of water pollution remediation due to 
its advantages of simple operation, high removal efficiency, 
and low-cost [5,6]. Therefore, using adsorption materials for 
the remediation of antibiotics in wastewater has become a 
popular global issue.

The materials commonly used for antibiotics adsorption 
include carbonaceous materials (such as activated carbon, 
graphene, and biochar), metal-organic skeleton materi-
als, natural clay minerals, resins, hydrogels, and molecu-
lar imprinted materials [7–9]. Clays are superior sorbents 
with unique structures, cheap, easy to obtain, and widely 
used in water treatment [10,11]. Maataoui et al. [12] found 
that the adsorption capacity of spiramycin antibiotics in 
aqueous solution by bentonite (B) is 260.3 mg/g, and the 
adsorption capacity decreases in the presence of NaCl. 
When Iraqi natural B is used to adsorb TC, 90% of the TC 
could be removed under optimal adsorption conditions, 
and the maximum adsorption capacity is 23.69 mg/g [13]. 
Studies show that the adsorption capacity of modified mate-
rials is stronger than that of unmodified materials [14,15]. 
The commonly used modified modifiers include cetyl-
trimethylammonium bromide, polyacrylamide, chitosan, 
polydimethyldiallyl ammonium chloride, organic acids, and 
metal ions [16]. The adsorption isotherms of TC on modified 
clay are consistent with the Henry model, and the adsorp-
tion amount of TC increases by 1.04–1.81 times [17,18]. 
Wang et al. [19] used an amphoteric surfactant (octadecyl 
dimethyl betaine) to modify B and found that the adsorption 
of TC by BS-18-modified B is mainly based on the charge 
and positively affected by the increasing temperatures.

Metal ion loading can produce materials with the advan-
tages of large specific surface area, good pore structure, and 
abundant surface-active functional groups; this method 
plays an important role in the adsorption of the organic 
and inorganic pollutants in the environment [20,21]. The 
phosphorus adsorption capacity of MgO-loaded biochar 
is 110.29 mg/g. Compared with unmodified biochar, the 
phosphorus adsorption effect of modified biochar is sig-
nificantly enhanced [22]. Fagundes et al. [23] used copper 
ion modified B to adsorb TC, and their results show that 
the modified B could remove 98.23% of TC in the solu-
tion. The loading of metal ions and the amphoteric modi-
fication of materials improve the ability of the materials 
to adsorb pollutants. If Mg ions are loaded again on the 
basis of the amphoteric modification of clay, the adsorption 
capacity of the Mg-loaded amphoteric clay for pollutants 
will be greatly enhanced. However, reports on the adsorp-
tion of pollutants on Mg-loaded amphoteric clay are few  
to date.

In this study, B, kaolin (K), and diatomite (D) were mod-
ified by an amphoteric modifier for preparing amphoteric 
clays. Then, the amphoteric clays were loaded with magne-
sium ion as an adsorbent for removal of TC, CTC, and OTC 
removal. The isothermal adsorption characteristics of TC, 
CTC, and OTC were studied. The effects of pH, tempera-
ture, and ionic strength on the adsorption performance were 
investigated. The results provide a theoretical reference for 
the application of water remediation technology in antibiotic 
pollution.

2. Materials and method

2.1. Experimental materials

Dodecyl dimethyl betaine (BS, Tianjin Xingguang 
Auxiliary Factory) was used as an amphoteric modifier. The 
molecular formula of BS is C16H33NO2, and it has the follow-
ing properties: pH of 6.5–7.5, solubility (20°C) of 160 g/100 g 
of water, and active substance content of 50% ± 2%. The tested 
clays with a particle size of 400 mesh were B, K, and D, which 
were purchased from Tongchuang Bentonite Company 
in Henan Province, Guangzhou Tuoyi Trading Co., Ltd., 
and Chengdu Cologne Chemical Reagent Factory, respec-
tively. TC, CTC, and OTC with a purity of 99.9% were pur-
chased from Shanghai Aladdin Biochemical Technology Co., 
Ltd. Magnesium sulfate heptahydrate (MgSO4·7H2O, AR) 
was purchased from Chengdu Cologne Chemical Co., Ltd.

2.1.1. Preparation of amphoteric clay

A wet process was adopted to prepare BS-modified 
clay (BS-clay) [24]. In this process, 100 g of clay was slowly 
added to 1.0 L of dH2O, and different ratios of BS, which 
were calculated in accordance with the cation exchange 
capacity (CEC) of clay, were added again. After stirring 
at 40°C for 3 h, the samples were separated, washed with 
dH2O thrice, dried at 60°C for 12 h, and passed through 
a 60-mesh sieve. Next, BS-modified B, K, and D were 
prepared and recorded as BS-B, BS-K, and BS-D, respec-
tively. The BS weight for a certain weight of clay can be 
obtained by using Eq. (1).

W m M R
b

�
� � � ��CEC 10 6

 (1)

where W (g) refers to the weight of BS, m (g) refers the 
weight of the clay that will be modified, CEC (mmol/kg)  
represents the CEC of clay, M (g/mol) is the molecular 
mass of BS, R stands for the modified proportion of BS, 
and b specifies the product content of BS (mass fraction).

2.1.2. Preparation of Mg-loaded BS-clay

Approximately 30.00 g of BS-clay was dispersed in 
4 mol/L sodium hydroxide (NaOH) solution with solid– 
liquid ratio of 1:3 and stirred in a water bath at constant 
temperature (90°C) at 150 rpm speed for 2 h. Then, 250 mL 
of 1 mol/L MgSO4·7H2O solution was added to the mix-
ture. The resulting solution was fully stirred for 1 h and 
left to stand at room temperature for 24 h, the sample was 
centrifuged (4,000 rpm) for 15 min, dried at 60°C for 12 h 
and passed through a 60-mesh sieve. Three kinds of Mg 
ion-loaded BS-clay were obtained and labeled Mg-BS-B, 
Mg-BS-K, and Mg-BS-D.

2.2. Experimental design

2.2.1. Isothermal adsorption experiment

The concentrations of TC, CTC, and OTC were set to 
nine concentration gradients of 0.5, 1, 2, 5, 10, 20, 30, 40, 
and 50 mg/L. The temperature was set to 25°C, the pH of 
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the solution was set to 6, and the ionic strength was set to 
0.1 mol/L of NaCl.

2.2.2. Influence factor experiment

The temperature, the pH, and the ionic strength were 
considered.

The experimental temperature was set to 25°C, 35°C, 
and 45°C (the pH of the solution was set to 6, and the ionic 
strength was set to 0.1 mol/L NaCl). The pH of the contam-
inated solution was set as 2, 4, 6, 8, and 10 (the solution 
temperature was set as 25°C, and the ionic strength of the 
solution was set as 0.1 mol/L NaCl). The ionic strength was 
set to 0.01, 0.1, and 0.5 mol/L (the solution temperature 
was set to 25°C, and the pH value was set to 6).

2.3. Experimental methods

The batch equilibrium method was used for antibiotic 
adsorption. A total of 0.5000 g of the sample was weighed in 
nine 50 mL plastic centrifuge tubes to which 20 mL of anti-
biotic solutions with different concentration gradients were 
respectively added. The samples were oscillated at 25°C 
and 200 rpm for 12 h at constant temperature [25] and cen-
trifuged at 4,800 rpm for 10 min. The concentration of the 
antibiotics in the supernatant was determined, and the equi-
librium adsorption amount was calculated by the subtraction 
method. All the above measurements were substituted into 
the standard solution for analytical quality control.

2.4. Data processing

2.4.1. Fitting of adsorption isotherms

The Langmuir model [26] was selected to fit the adsorp-
tion isotherms of the three antibiotics according to the 
adsorption isotherm trend. Eq. (2) was expressed as follows:

q
q bc
bc

m�
�1

 (2)

where q is the equilibrium adsorption amount of antibiotics 
for the amended soil, mol/kg; c is the equilibrium concentra-
tion of antibiotics in the solution, mol/kg; qm is the maximum 
adsorption amount of antibiotics for the tested sample, mol/
kg; and b is the apparent equilibrium constant of the antibi-
otic adsorption on the tested sample for the measurement of 
adsorption affinity.

2.4.2. Calculation of thermodynamic parameters

Parameter b in the Langmuir model is equivalent to the 
apparent adsorption constant of the equilibrium constant, 
and the thermodynamic parameter calculated by b = K or 
Ka is called the apparent thermodynamic parameter [27]. 
Eqs. (3)–(5) were defined as follows:
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where ΔG is the standard free energy change (kJ/mol), R is 
a constant (8.3145 J/mol·K), T is the adsorption temperature 
(T1 = 293.16 K, T2 = 313.6 K), ΔH is the enthalpy of adsorp-
tion process (kJ/mol), and ΔS is the entropy change of 
adsorption process (J/mol·K).

CurveExpert 1.4 fitting software was used in isother-
mal fitting by step approximation method, and Origin 9.0 
was adopted to improve data plotting. SPSS 16.0 statistical 
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Fig. 1. SEM images of B (a), BS-B (b), Mg-BS-B (c), K (d), BS-K (e), Mg-BS-K (f), D (g), BS-D (h), and Mg-BS-D (i).
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analysis software was used to process the experimental data 
for variance and correlation analysis.

3. Results and discussion

3.1. Basic physical and chemical characteristics of tested soil 
samples

The basic physical and chemical properties of each tested 
sample are shown in Table 1. When clay was modified by 
BS, the pH of BS-B decreased, and that of BS-K and BS-D 
increased. Compared with BS-clay, the pH of Mg-BS-clay 
changed slightly. Under the same modification conditions, 
the CEC and specific surface area (SBET) of each sample 
changed as follows: original clay > Mg-BS-clay > Mg-BS-clay. 
The above results can be mainly attributed to the long carbon 
chain of BS that covers the exchangeable cations and surface 
pores on the clay surface, resulting in the reduction of the 
CEC and SBET of BS-clay. The exchangeable ions and pores 
on the surface of Mg-BS-clay gradually increased with the 
loading of Mg, thereby increasing the CEC and SBET again.

3.2. Morphology features of the tested samples

Fig. 1 shows the scanning electron microscopy (SEM) 
images of the different tested samples. The original B and 
K have layered structures and a large layer space. After 
modification by BS, the surface of BS-B and BS-K became 
smooth and layer space of BS-B and BS-K were covered. 
Compared with BS-B and BS-K, the surface of Mg-BS-B and 
Mg-BS-K became rough and evenly covered with particles. 
The surface of D contained many tubular holes, numerous 
particles were attached to the surface of BS-D and Mg-BS-D, 
and some of the pores were covered.

3.3. Isothermal adsorption characteristics of the tested materials

At 25°C, pH = 6, and ionic strength of 0.1 mol/L, the iso-
thermal adsorption characteristics of TC, CTC, and OTC on 
the tested materials are shown in Fig. 2. With the increase 
of the equilibrium concentration, the adsorption capacity of 
each material for the antibiotics all increased and gradually 
tended to saturate, and presented the “L” type of adsorp-
tion isotherm. The adsorption isotherms of the antibiotics 

were fitted by using the Langmuir adsorption isotherm 
equation, and the resulting parameters are shown in Table 2. 
The fitting correlation coefficients reached a very significant 
level (P < 0.01), indicating that the adsorption processes of 
TC, CTC, and OTC on the tested samples can be described 
well by the Langmuir model. This result indicates that the 
adsorption of each sample for the three antibiotics is mainly 
monolayer adsorption [28].

The maximum adsorption amount (qm) of antibiotics for 
the tested sample were 1.70–5.21 mol/kg (TC), 1.80–5.94 mol/
kg (CTC), and 1.81–6.28 mol/kg (OTC), respectively, and the 
qm values followed the order OTC > CTC > TC on the same 
sample. For the same antibiotic, the qm values of the differ-
ent samples followed the order Mg-BS-clay > BS-clay > Clay. 
Compared with the original clay, the qm values of TC, CTC, 
and OTC on BS-clay increased by 23.80%–44.14%, 2.30%–
71.90%, and 2.03%–41.34%, respectively. Under the same 
modification conditions, the qm values of the different sam-
ples followed the order B > K > D. This result may be due 
to the large CEC and SBET of bentonite (Table 1), which can 
lead to the high ion exchange with antibiotics [26]. The 

Table 1
Physico-chemical properties of the tested samples

Tested sample pH Cation exchange 
capacity (mmol/kg)

Specific surface 
area (m2/g)

B 10.21 1,001.25 62.88
BS-B 8.22 552.23 7.34
Mg-BS-B 8.03 652.65 23.56
K 6.90 88.69 11.42
BS-K 7.12 58.23 7.45
Mg-BS-K 7.24 59.32 9.24
D 7.20 330.12 67.26
BS-D 7.44 162.58 6.37
Mg-BS-D 7.34 190.39 30.23

Table 2
Langmuir fitting parameters of the adsorption isotherms

Antibiotics Composite 
material

Correlation 
coefficient (r)

qm (mol/kg) b

TC

B 0.9933** 2.31 30.95
BS-B 0.9998** 4.99 31.28
Mg-BS-B 0.9988** 5.21 67.70
D 0.9967** 1.70 13.53
BS-D 0.9973** 2.55 29.35
Mg-BS-D 0.9989** 4.17 23.68
K 0.9952** 2.01 21.89
BS-K 0.9977** 3.82 29.92
Mg-BS-K 0.9979** 4.62 58.40

CTC

B 0.9982** 2.77 24.68
BS-B 0.9997** 5.69 63.62
Mg-BS-B 0.9995** 5.94 116.81
D 0.9991** 1.80 18.45
BS-D 0.9993** 3.27 64.26
Mg-BS-D 0.9978** 4.59 69.53
K 0.9988** 2.13 28.00
BS-K 0.9990** 4.81 40.75
Mg-BS-K 0.9984** 5.49 58.42

OTC

B 0.9987** 3.87 30.33
BS-B 0.9986** 5.94 124.46
Mg-BS-B 0.9972** 6.28 143.72
D 0.9966** 1.81 18.11
BS-D 0.9997** 3.51 53.72
Mg-BS-D 0.9977** 4.96 66.31
K 0.9977** 2.38 29.65
BS-K 0.9993** 5.17 47.75
Mg-BS-K 0.9993** 6.11 64.91

Note: ** means significant correlation at P = 0.01 level.
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Fig. 2. Isothermal adsorption of TC (a–c), CTC (d–f), and OTC (g–i) on the test materials.
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Fig. 3. Influence of temperature on the adsorption of TC (a), CTC (b), and OTC (c). Note: Different lowercase letters indicate 
significant differences among the treatments at the 0.05 level.
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affinity constant (b) of each tested sample for antibiotic 
adsorption was maintained in the range of 13.53–143.72, 
implying a strong adsorption affinity and the spontaneous 
adsorption reaction [29].

3.4. Influence of temperature on antibiotics adsorption

The adsorption amount of TC, CTC, and OTC on each 
tested sample varied with the temperature as shown in 
Fig. 3. In the range of 25°C–45°C, the adsorption amount 
of antibiotics increased with the increase of temperature, 
showing a positive temperature effect. The TC, CTC, and 
OTC increases on each tested sample were 17.62%–110.54%, 
13.47%–88.04%, and 23.42%–190.90%, respectively. Compared 
with the original clay, the CTC adsorption amount of BS-clay 
increased the most, may be because the adsorption of anti-
biotics is mainly due to the ion exchange and complexation. 
These adsorption processes are all chemical reactions, and 
the increase of temperature intensifies the random thermal 
movement between molecules, which is conducive to the 
contact between the antibiotics and the adsorption sites on 
the surface of the tested materials [19–26].

The adsorption thermodynamic parameters of antibiot-
ics can be seen in Table 3. At 25°C and 45°C, the antibiotics 
adsorption free energy (ΔG) on the tested materials were 
all negative, indicating that the adsorption of TC, CTC, and 
OTC was a spontaneous process. The case |ΔG45| > |ΔG25| 
showed that the higher the temperature was, the stronger 
the adsorption reaction spontaneity would be. The results 
of the endothermic reaction are consistent with temperature 
effect. The enthalpy changes (ΔH) of antibiotics adsorption 
on all the tested samples were positive, indicating that the 
adsorption was endothermic reaction. The adsorption of 
antibiotics on each mixed soil sample showed an entropy 
increase reaction, and the entropy value (ΔS) was between 
50.09 and 165.30. This phenomenon indicates that the 
adsorption process has a high degree of chaos and multiple 
adsorption mechanisms.

3.5. Influence of pH on adsorption of three antibiotics

Fig. 4 shows the influence of pH on the adsorption of 
the three antibiotics. In the pH range of 2 to 10, the adsorp-
tion amount of TC, CTC, and OTC of each tested sample 
increased first and then decreased and maintained the 

Table 3
Thermodynamic parameters of three antibiotics adsorption

Antibiotics Composite 
material

25°C 45°C

ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol·K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol·K)

TC

B –8.51 20.61 97.68 –10.46 20.61 97.68
BS-B –8.53 6.40 50.09 –9.54 6.40 50.09
Mg-BS-B –10.45 12.26 76.18 –11.97 12.26 76.18
D –6.46 29.36 120.12 –8.86 29.36 120.12
BS-D –8.38 11.87 67.89 –9.73 11.87 67.89
Mg-BS-D –7.84 13.83 72.69 –9.30 13.83 72.69
K –7.65 24.59 108.15 –9.81 24.59 108.15
BS-K –8.42 7.66 53.95 –9.50 7.66 53.95
Mg-BS-K –10.08 12.02 74.14 –11.56 12.02 74.14

CTC

B –7.95 24.90 110.17 –10.15 24.90 110.17
BS-B –10.29 10.61 70.10 –11.70 10.61 70.10
Mg-BS-B –11.80 9.40 71.10 –13.22 9.40 71.10
D –7.23 22.20 98.69 –9.20 22.20 98.69
BS-D –10.32 4.98 51.32 –11.35 4.98 51.32
Mg-BS-D –10.51 5.36 53.23 –11.58 5.36 53.23
K –8.26 16.48 82.96 –9.92 16.48 82.96
BS-K –9.19 11.25 68.55 –10.56 11.25 68.55
Mg-BS-K –10.08 11.79 73.35 –11.55 11.79 73.35

OTC

B –8.46 32.47 137.27 –11.20 32.47 137.27
BS-B –11.96 12.94 83.51 –13.63 12.94 83.51
Mg-BS-B –12.31 11.84 81.01 –13.93 11.84 81.01
D –7.18 42.11 165.30 –10.49 42.11 165.30
BS-D –9.88 12.32 74.45 –11.36 12.32 74.45
Mg-BS-D –10.40 9.92 68.14 –11.76 9.92 68.14
K –8.40 33.13 139.30 –11.19 33.13 139.30
BS-K –9.58 12.71 74.78 –11.08 12.71 74.78
Mg-BS-K –10.34 8.30 62.53 –11.59 8.30 62.53
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maximum value at pH = 6. With the increase of pH in the 
range of 2–6, the increments of the TC, CTC, and OTC adsorp-
tion amounts were 1.58−2.00, 0.44−1.47, and 1.55−2.04 mol/
kg, respectively. The pH of the solution greatly influenced 
the adsorption effect of the tested materials, which may be 
related to the existence of antibiotics in aqueous solution. 
Three ionizable groups were found in the molecular struc-
tures of the antibiotics, and ionization equilibrium con-
stants pKa1, pKa2, and pKa3 were 3.30−3.57, 7.49−7.69, and 
9.44−9.88, respectively. The antibiotics with pH < 3.30 are 
positively charged; that is, the pH between 3.30 and 7.69 is 
positively or negatively charged, and that with pH > 9.50 
exists as an anion [17]. Therefore, under acidic conditions, 
antibiotics can be combined with the negative charge on the 
surface of the tested materials by cation exchange, thereby 
increasing the adsorption. With the increasing pH, the 
proportion of negative charge in the antibiotics molecule 
increases, and the adsorption decreases gradually [30].

3.6. Influence of ionic strength on adsorption of three antibiotics

Ionic strength is a key factor affecting the adsorp-
tion performance and an auxiliary means of studying the 
adsorption mechanism. Increasing the ionic strength can 
weaken the electrostatic interaction between the adsorbent 
and the adsorbate and enhance the hydrophobic effect [31]. 
Table 4 indicated that with the increase of the ionic strength 
from 0.01 to 0.5 mol/L, the adsorption amount of antibiot-
ics on the test samples slightly decreased, and the decrease 
ranges were 15.17%–84.17% (TC), 16.07%–68.07% (CTC), 

and 16.30%–76.54% (OTC). This phenomenon may be due to 
the competitive adsorption of cations in the structure with 
the increase of the ionic strength, resulting in a decrease 
in the adsorption amount of all the tested soil samples for 
the three antibiotics. This result is consistent with that of 
Zhang et al. [30].

3.7. Performance comparison of other materials in antibiotics 
adsorption

Clay has a high specific surface area and abundant 
surface adsorption sites and can have a weak ion exchange 
effect on antibiotics. During the modification of clay with 
BS, BS was easily combined with the negative charge sites 
on the outer surface of the clay by the positive charge 
group −N+ end. The antibiotics were adsorbed through 
negative charge points, such as the carboxyl group of 
BS-clay and the residual negative charge of clay through 
ion exchange. Moreover, antibiotics and the long carbon 
chain of BS-12 formed hydrophobic bonds on the sur-
face of BS-clay, and thus the qm values of the antibiotics in 
BS-clay were higher than those of clay [32]. After loading 
by Mg, the specific surface area and surface adsorption 
sites of BS-clay improved, and the antibiotics adsorption 
amount of Mg-BS-clay increased [33]. Compared with the 
above result, the amphoteric-clay-based composite mate-
rial used in water improvement exhibited a high adsorption 
capacity for antibiotics and is thus a good improvement 
material. Table 5 shows the comparison of the adsorption 
amount of Mg-BS-clay with those of other adsorbents. The 

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5

2 4 6 8 10
0

1

2

3

4

5
)

g
k/l

o
m

m( t
n

u
o

ma 
n

oit
pr

os
d

A 

 B

 BS-B

 Mg-BS-B

(d)

)
g

k/l
o

m
m( t

n
u

o
ma 

n
oit

pr
os

d
A 

 B

 BS-B

 Mg-BS-B

(a)

 A
d

so
rp

ti
o

n
 a

m
o

u
n

t 
(m

m
o

l/
k

g
)

pH

 D

 BS-D

 Mg-BS-D

(i)

 A
d

so
rp

ti
o

n
 a

m
o

u
n

t 
(m

m
o

l/
k

g
)

 D

 BS-D

 Mg-BS-D

(c)

 A
d

so
rp

ti
o

n
 a

m
o

u
n

t 
(m

m
o

l/
k

g
)

pH

 K

 BS-K

 Mg-BS-K

(h)

 A
d

so
rp

ti
o

n
 a

m
o

u
n

t 
(m

m
o

l/
k

g
)

 K

 BS-K

 Mg-BS-K

(e)

)
g

k/l
o

m
m( t

n
u

o
ma 

n
oit

pr
os

d
A 

pH

 B

 BS-B

 Mg-BS-B

(g)

 A
d

so
rp

ti
o

n
 a

m
o

u
n

t 
(m

m
o

l/
k

g
)

 D

 BS-D

 Mg-BS-D

(f)

 A
d

so
rp

ti
o

n
 a

m
o

u
n

t 
(m

m
o

l/
k

g
)

 K

 BS-K

 Mg-BS-K

(b)

Fig. 4. Influence of pH on the adsorption of TC (a–c), CTC (d–f), and OTC (g–i).
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comparison shows that the materials used in this paper 
have a good adsorption effect on antibiotics. The adsorp-
tion amount of the material used, which is a kind of antibi-
otic adsorption material with good performance, is several 
times higher than of those of the other materials.

Correlation analysis was conducted on the adsorption 
amount and properties of each tested sample for antibiot-
ics, and the correlation coefficient changed from 0.0270 to 
0.4064. Nearly no correlation existed between pH, CEC of the 
samples and the adsorption amount of antibiotics. SBET was 
negatively correlated with the adsorption amount of antibi-
otics. These results indicate that the adsorption of antibiotics 
is unrelated to the physico-chemical properties of the mate-
rial itself but mainly depends on the properties and charge 
changes of the antibiotics.

4. Conclusion

The qm values of the antibiotics were 1.70–5.21 mol/
kg (TC), 1.80–5.94 mol/kg (CTC), and 1.81–6.28 mol/
kg (OTC). Under the same modification conditions, 
the qm values of the antibiotics followed the order 

Mg-BS-B > Mg-BS-K > Mg-BS-D. Increasing the temperature 
was conducive to the adsorption of the three antibiotics by 
each sample. The thermodynamic parameters showed that 
the TC, CTC, and OTC adsorption was spontaneous, endo-
thermic and entropic-increasing processes. The adsorption 
amount of TC, CTC, and OTC on each soil sample increased 
first and then decreased and reached the peak value at 
pH = 6. The adsorption amounts of the three antibiotics 
decreased with the increase of the ionic strength. For practi-
cal application, the proposed BS modification has economic, 
ecological, and effective advantages and high application 
value for water pollution remediation. This work will 
provides a reference for the utilization of clay resources 
and the remediation of antibiotic-contaminated water.

Acknowledgements

The authors wish to acknowledge and thank the Funda-
mental Research Funds of China West Normal University 
(20A022; 18B023), the Tianfu Scholar Program of Sichuan 
Province (2020-17), and the National Natural Science 
Foundation of P.R. China (41271244).

Table 4
Effect of ionic strengths adsorption on different materials

Antibiotics Soil sample Adsorption amount (mol/kg)

0.01 mol/L 0.1 mol/L 0.5 mol/L

TC

B 1.78a ± 0.12 1.36ab ± 0.14 1.08b ± 0.07
BS-B 3.64a ± 0.23 2.75b ± 0.08 1.03c ± 0.20
Mg-BS-B 4.73a ± 0.07 3.51b ± 0.11 3.23b ± 0.24
K 0.97a ± 0.12 0.75a ± 0.07 0.15b ± 0.12
BS-K 2.19a ± 0.26 1.49ab ± 0.23 0.60b ± 0.14
Mg-BS-K 3.14a ± 0.18 2.17b ± 0.10 1.06c ± 0.09
D 1.28a ± 0.12 1.14a ± 0.14 1.08a ± 0.07
BS-D 3.28a ± 0.23 2.17ab ± 0.28 1.08b ± 0.08
Mg-BS-D 3.31a ± 0.12 3.10a ± 0.11 1.69b ± 0.24

CTC

B 2.33a ± 0.17 1.51b ± 0.20 1.40b ± 0.13
BS-B 4.53a ± 0.17 3.69ab ± 0.20 3.40b ± 0.23
Mg-BS-B 4.59a ± 0.20 4.30ab ± 0.26 3.50b ± 0.22
K 1.86a ± 0.17 0.90b ± 0.08 0.59b ± 0.23
BS-K 2.51a ± 0.17 2.43a ± 0.08 1.66b ± 0.13
Mg-BS-K 3.56a ± 0.16 3.21a ± 0.21 2.99a ± 0.09
D 1.81a ± 0.17 1.28ab ± 0.25 0.87b ± 0.08
BS-D 3.54a ± 0.18 2.85a ± 0.23 1.90b ± 0.08
Mg-BS-D 3.61a ± 0.22 3.52b ± 0.23 2.11b ± 0.16

OTC

B 3.66a ± 0.12 2.10b ± 0.15 1.65b ± 0.13
BS-B 4.69a ± 0.12 4.05b ± 0.17 3.83b ± 0.07
Mg-BS-B 4.97a ± 0.17 4.29ab ± 0.20 4.16b ± 0.13
K 1.73a ± 0.18 0.87b ± 0.12 0.41b ± 0.07
BS-K 3.34a ± 0.12 2.32b ± 0.24 1.60b ± 0.13
Mg-BS-K 3.42a ± 0.20 3.19ab ± 0.23 2.42b ± 0.08
D 1.68a ± 0.12 1.33ab ± 0.14 0.95b ± 0.01
BS-D 3.75a ± 0.11 2.97ab ± 0.36 2.35b ± 0.14
Mg-BS-D 4.44a ± 0.16 3.59b ± 0.21 2.61c ± 0.08

Note: Different lowercase letters indicate significant differences among the temperature treatments at the 0.05 level.
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