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ABSTRACT

The environmental effects of Fe/Mn modification on antibiotic adsorption by amphoteric clay was
explored using dodecyl dimethyl betaine (BS)-modified diatomite (D) and bentonite (B), which were
prepared with the wet method and named BS-12 modified D (BS-D) and BS-B, respectively. Then,
Fe-BS-D, Mn-BS-D, Fe/Mn-BS-D, Fe-BS-B, Mn-BS-B, and Fe/Mn-BS-B were prepared by modify-
ing BS-D and BS-B with Fe* (prepared with FeSO,7H,0) and Mn* (prepared with MnSO,-H,0).
With D and B as controls, the environmental effects of different modified clays on the adsorption
of chlortetracycline (CTC), oxytetracycline (OTC), and tetracycline (TC) were studied using the
batch method, and the isothermal and thermodynamic characteristics of different modified clays
for antibiotic adsorption were compared under optimum environmental conditions. The following
results were obtained: (1) When the pH changed from 1 to 9, the amount of antibiotics adsorbed
by each test sample increased first and then decreased, and the maximum amount was obtained at
pH 5. With the increase in ionic strength, the amount of antibiotics adsorbed by each test sample
decreased in a range of 0.01-0.5 mol/L. (2) The amount of adsorbed antibiotics in each test sam-
ple showed a positive temperature effect in a range of 10°C-40°C. The adsorption of antibiotics on
different tested samples was spontaneous, endothermic, and entropy increasing. (3) The adsorp-
tion of TC, CTC, and OTC by the tested samples was described well by the Langmuir model. The
maximum adsorption amount of antibiotics was in the range of 1.86-30.26 mol/kg, and ranked
in the order of OTC > CTC > TC. (4) The pH of materials played a key role in the determination
of the adsorption effect of antibiotics on different tested samples.
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1. Introduction

The rapid development of aquaculture in China has
contributed to antibiotics pollution that presents a serious
hidden danger to agricultural production [1-3]. Therefore,
the remediation and treatment of antibiotic pollution has
become a focus of research and attracted considerable

* Corresponding authors.

interest worldwide [4,5]. Remediation materials have high
adsorption capacities for antibiotics, and the modification of
materials can improve the adsorption capacities of materi-
als for antibiotics [6-8], so remediation material screening
and material modification are of great importance to anti-
biotic pollution remediation and sustainable agricultural
development.
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In recent years, material adsorption has become a
major subject of interest in pollution remediation research
because of its simple operation, low cost, and obvious
effects [9-11]. Modification by amphoteric surfactants can
enhance the adsorption capacities of materials for heavy
metals and organic pollutants [12,13]. The hydrophilic
groups of amphoteric surfactants have positive and nega-
tive charges, so amphoteric modified materials can adsorb
heavy metals and organic pollutants simultaneously [14].
Clay modified by dodecyl dimethyl betaine (BS-12) exhib-
its greatly enhanced ability to hydrophobically bind to
organic pollutants, and its adsorption mechanism is mainly
hydrophobic adsorption [15-17]. However, the adsorption
ability of organic pollutants for single amphoteric modi-
fied clay is affected by modifier content. The adsorption
capacity of amphoteric modified clay for organic pollutants
can be improved by modifying amphoteric modified clay
with other modifiers.

Iron and manganese have high elemental abundance
in the first transition system, and they are among the most
active and important geochemical elements [18]. Iron- and
manganese-based metal oxides have the advantages of large
specific surface areas, good pore structures and abundant
surface active functional groups, which play an import-
ant role in the adsorption of organic and inorganic pollut-
ants in the environment [19-22]. Du et al. [23] use different
types of MnO,-modified diatomite to remove Cr®, and the
maximum adsorption capacity reached 101 mg/g. Khraisheh
et al. [24] used manganese-modified diatomaceous soil to
adsorb heavy metals in sewage, and the specific surface
area of diatomaceous soil loaded with manganese oxide
increased 2.4 times, and the adsorption capacity reached its
maximum when manganese oxide was loaded at 60.0 mg/g
(diatomaceous soil). The loading of iron and manganese
and amphoteric modification of materials improve the
ability of the materials to adsorb pollutants, If Fe and Mn
oxides are loaded again on the basis of amphoteric modifi-
cation of clay, the adsorption capacity of a composite-mod-
ified clay for pollutants will be greatly enhanced. However,
reports on the adsorption of pollutants on amphoteric
clay loaded by iron and manganese are few to date.

In this study, iron and manganese were loaded on two
different amphoteric clays, and the adsorption characteris-
tics of three antibiotics under different environmental fac-
tors: temperature, pH, and ionic strength (I) were studied.
In addition, the isothermal and thermodynamic characteris-
tics of different modified samples for antibiotic adsorption
were compared under optimum environmental conditions.
The aim was to provide a reference for the use and test-
ing of composite-modified clay in pollution remediation.

2. Materials and methods
2.1. Experimental materials

Diatomite (D, particle size of 325 mesh) was purchased
from Chifeng City, China, and bentonite (B, particle size of
400 mesh) was purchased from Xinyang City, China. D and
B were all purified with the washing method before use [25].
BS-12 was used as an amphoteric modifier (AR, Produced
by Tianjin Xingguang Auxiliary Factory, Tianjin City, China).

FeSO,7H,O (AR) and MnSO,H,0 (AR) were purchased
from ChengDu KeLong Chemical Reagent Factory, Chengdu
City, Sichuan Province, China. Chlortetracycline (CTC), oxy-
tetracycline (OTC), and tetracycline (TC) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.,
China and had a purity of 99.9%.

2.2. Experimental design
2.2.1. Preparation of amphoteric clay

The BS-12 modified D (BS-D) and BS-12 modified B
(BS-D) were prepared using the wet method [15]. The spe-
cific steps were as follows: BS-12 solution was added to 10 g
of purified D or B (the mass ratio between the solution and
soil was 10:1). The resulting solution was reacted for 6 h at
40°C, centrifuged at 4,800 rpm for 10 min, washed three
times with deionized water (dH,0), dried, ground, and
sieved through a 60-mesh nylon sieve. The amount of BS-12
modifier was defined by Eq. (1):

R
W =mxCECxMx107° x =5 (1)

BS

where W is the mass (g) of BS-12; m is the mass (g) of B
(or D); CEC is the cation exchange capacity of B (or D)
(mmol/kg); M is the relative molar mass of BS-12 (g/mol);
R, is the modification ratio of BS-12; and C is the content
(mass fraction) of BS-12.

2.2.2. Preparation of Fe/Mn-loaed amphoteric clay

Approximately 30.00 g of BS-D (or BS-B) 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 MnSO,-H,O (or FeSO,7H,0) solution was added
to the mixture. The resulting solution was fully stirred for
1 h and left to stand at room temperature for 24 h. The
samples were separated. Approximately 250 mL of 1 mol/L
FeSO,-7H,O (or MnSO,-H,0) solution was added. The above
operation was repeated. After centrifugation at 4,800 rpm for
20 min, the samples were separated and washed with dH,0
three times. Then, Fe-BS-D, Mn-BS-D, and Fe/Mn-BS-D (or
Fe-BS-B, Mn-BS-B, and Fe/Mn-BS-B) were dried at 60°C
for 12 h and passed through a 60-mesh sieve. Fig. 1 shows
the scanning electron microscopy (SEM) images of Fe/
Mn-BS-D and Fe/Mn-BS-B. The basic physico-chemical
properties of the tested samples are shown in Table 1.

2.2.3. Influence of environmental factors on antibiotic
adsorption

Three environmental factors: temperature, pH, and I
were discussed.

The pH of the initial solution was setat1, 3, 5, 7, and 9.

The I values of the initial solution was set at 0.01, 0.05,
0.1, 0.2, and 0.5 mol/L (at which the pH was best controlled).

The experimental temperatures were set at 10°C, 20°C,
30°C, and 40°C (at which the best pH and I were controlled).
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Fig. 1. SEM images of D (a), Fe/Mn-BS-D (b), B (c), and Fe/Mn-BS-B (d).

Table 1
Physico-chemical properties of the tested samples

Tested sam-  pH Cation exchange Specific surface

ple capacity (mmol/kg) area (m%g)
D 7.2 330.12 67.26
BS-D 74 162.58 6.37
Fe-BS-D 6.9 183.57 76.29
Mn-BS-D 7.5 221.16 88.54
Fe/Mn-BS-D 7.2 281.44 110.36
B 10.21  1,001.25 62.88
BS-B 822 55223 7.34
Fe-BS-B 727 68142 87.65
Mn-BS-B 8.84 77192 102.42
Fe/Mn-BS-B 839  862.18 130.53

2.2.4. Isothermal adsorption experiment to antibiotics

The initial concentration gradient of three antibiotics
was set at 0.5, 1, 2, 5, 10, 20, 30, 40, and 50 mg/L. Each treat-
ment was repeated thrice under the best environmental
factors.

2.3. Experimental method

Batch equilibrium method was used for antibiotic
adsorption. A total of 0.5000 g of samples was weighed in
nine 50 mL plastic centrifuge tubes, and 20.00 mL of an
antibiotic solution with different concentration gradients
were added to the pipette under optimal environmental
conditions (150 rpm and 12 h oscillation) [26]. The equilib-
rium adsorption of antibiotics in the supernatant was deter-
mined through centrifugation at 4,800 rpm for 20 min, the

equilibrium adsorption amount of antibiotics was deter-
mined, and the equilibrium adsorption amount of each mate-
rial was calculated through subtraction.

2.4. Data processing
2.4.1. Calculation of equilibrium adsorption capacity

The equilibrium adsorption capacity of the tested sample
for antibiotics was calculated according to Eq. (2):

C,-C)Vv
q=—( : mf) )

where V is the volume of solution (mL); C, is the antibiotic
concentration at the starting point (mmol/L); C, is the anti-
biotic concentration at the equilibrium point (mmol/L); m is
the mass of tested sample (g); and g is the equilibrium adsorp-
tion capacity of tested sample for antibiotics (mmol/kg).

2.4.2. Fitting of adsorption isotherms

Based on the adsorption isotherm trend, Langmuir
isotherm was selected to fit the antibiotic adsorption iso-
therm. Eq. (3) was defined as follows:

q,bc
= dn 3
I 1+bc ©)

where g is the equilibrium adsorption amount of antibiot-
ics for the amended soil, mol/kg; c is the equilibrium con-
centration of antibiotics in the solution, mol/kg; g, is the
maximum adsorption amount of antibiotics for the tested
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sample, mol/kg; b is the apparent equilibrium constant of
antibiotic adsorption on the tested sample for the measure-
ment of adsorption affinity.

2.4.3. Calculation of thermodynamic parameters

Parameter b in the Langmuir model is equivalent to the
apparent adsorption constant of equilibrium constant, and
the thermodynamic parameter calculated by b = K or K was
called the apparent thermodynamic parameter; Eqs. (2)—(4)
were defined as follows:

AG =-RTInK 4)

ASZM (5)
T

AH =R 45 In KL (6)
L-1, K, T,

where AG is the standard free energy change (kJ/mol), R is
a constant (8.3145 J/mol K), T is the adsorption temperature
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(T, =293.16 K, T, = 313.6 K), AH is the enthalpy of adsorp-
tion process (kJ/mol), and AS is the entropy change of
adsorption process (J/mol K).

CurveExpert 1.4 fitting software was used in isother-
mal fitting, and SigmaPlot 10.0 software was adopted to
improve data plotting. SPSS 16.0 statistical analysis soft-
ware was used to process the experimental data for vari-
ance and correlation analysis. SigmaPlot 10.0 software was
adopted to improve data plotting. The data were expressed
as the means with standard deviation, and different let-
ters indicate significant differences among various amend-
ments. Analysis of variance was performed to determine
the effects of amendments, followed by Tukey’s honestly
significant difference test. Differences of p < 0.05 were
considered significant.

3. Results and discussion
3.1. Effect of pH on antibiotic adsorption

Fig. 2 shows the difference in antibiotic adsorption
among the test soil samples in a pH range of 1-9. Under
the same conditions, the three antibiotic in different tested
samples had the following order in decreasing adsorption

Adsorption amount (mol/kg) (b)
[
0.000 2.000 4.000 6.000 8.000

- I I

.

o e D
1

10.00

Fe/Mn-BS-B+

Fe-BS-B4{ ¢

Treatments

3 5 7 9 (d)
revo-Bs-81 n
b BT

1 3 5 7 9 (f)
Y I I
£ ass I S
" o

1 3 5 7 9

pH

Fig. 2. Influence of pH on the adsorption of CTC (a,b), OTC (c,d), and TC (e,f).
Note: Different lowercase letters indicate significant differences between the treatments at the 0.05 level.
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capacity: OTC > CTC > TC. With the increase in pH, the
adsorption amount of CTC, OTC, and TC increased first
and then decreased, and the maximum value was obtained
at pH = 5. When pH = 1, the adsorption capacities of CTC,
OTC, and TC in different tested samples were low. When pH
was changed from 1 to 5, the adsorption amount of antibiot-
ics by the tested samples increased 0.72-17.42 times (CTC),
0.11-25.11 times (OTC), and 0.14-1.09 times (TC). The rea-
son was that under acidic conditions, antibiotics mainly
exist in the form of cations. H* in the system competed with
the antibiotics on the surfaces of tested samples, hindering
the adsorption of antibiotics [27]. As pH increased (pH 1-5),
the adsorption ability of antibiotic molecules on a sample
surface was gradually enhanced, and the electronegativity
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of the sample surface was further enhanced, the surface
positive charge of BS-12 adsorbed on clay increased, the
surface hydrophilicity of BS-12 decreased, the hydrophobic-
ity of BS-12 increased, and the adsorption of antibiotics by
BS-12-modified clay increased [28,29].

3.2. Effect of ionic strength on the adsorption of antibiotics

At the optimal pH (pH = 5), the adsorption amount of
the three antibiotics by each test sample decreased with
increasing I in a range of 0.01-0.5 mol/L (Fig. 3). When
I =0.01-0.1 mol/L, the adsorption amount of antibiotics on
the test samples slightly decreased, and the decreases were
less than 27% (CTC), 21% (OTC), and 15% (TC). At I of
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Fig. 3. Effect of ionic strength on the adsorption of CTC (a,b), OTC (c,d), and TC (e,f) at pH =5.
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0.1-0.5 mol/L, the decreases significantly increased, ranging
from 15% to 40%. Under the same conditions, the decrease
in antibiotic adsorption by different tested samples were
ranked in the order of CTC > OTC > TC. The above results
may be due to the low concentration of Na* in the solution
and the enhanced hydrophobicity of antibiotics, which
improved the solubility of the antibiotics. When the concen-
tration of Na* in the solution was high, antibiotic molecules
were not easily released, so their solubility was reduced.
When Na* was attached to the surfaces of the material sam-
ples, the exchange points of the cations of the materials
were reduced, and the exchangeable reaction on material
samples with antibiotics was reduced [30].
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3.3. Effect of temperature on antibiotic adsorption

At pH =5 and I = 0.01 mol/L, the adsorption amount
of the three antibiotics in each test sample increased
with the increase in temperature (Fig. 4), showing a pos-
itive temperature effect. When the temperature increased
from 10°C to 40°C, the increasing amount of antibiot-
ics adsorbed by the tested samples were 0.26-1.92 mol/
kg (CTC), 0.46-2.73 mol/kg (OTC), and 0.78-2.02 mol/kg
(TC), respectively. The increased amplitudes of the D- and
B-based materials were similar. The results showed that
at a high temperature, the antibiotics strongly bind to
the active sites of the tested samples, consistent with
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Fig. 4. Adsorption amount of CTC (a,b), OTC (c,d), and TC (e,f) in each soil sample at pH =5 and I = 0.01 mol/L.
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previous studies [31]. As temperature increased, the dif-
fusion velocity of antibiotic molecules in the solution,
the contact rate between antibiotics and the surfaces of
materials, and the endothermic reaction between antibi-
otics and the materials surface increased. Increase in tem-
perature also promoted ion exchange and hydrophobic
interaction between the antibiotics and materials [22,26].

3.4. Isothermal adsorption characteristics of antibiotics

The adsorption isotherms of antibiotics on each test
sample under the most suitable environmental conditions
(pH =3, I = 0.01 mol/L, and 40°C) are shown in Fig. 5. The
adsorption isotherms of the antibiotics on different tested
samples were all “L” type. In this experiment, Langmuir
adsorption isotherm equation was used to fit the adsorption
equilibrium isotherms of antibiotics, and the result parame-
ters are shown in Table 2. The fitting correlation coefficients
all reached very significant level (P < 0.01), indicating that
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the adsorption processes of TC, CTC, and OTC by the tested
samples can be described well by the Langmuir model.
The maximum adsorption amount (g,) of antibiotics for
each tested sample had ranges of 3.33-21.52 mol/kg (CTC),
3.98-30.26 mol/kg (OTC), and 1.86-11.96 mol/kg (TC),
and g, was ranked in the order of OTC > CTC > TC under
the same clay modification conditions. In an antibiotic,
the g of the tested samples showed the following trend:
BS-Mn-B/D > BS-Fe/Mn-B/D > BS-B/B > BS-Fe-D/B > D/B.
The affinity constant b of each tested sample for antibiotic
adsorption was maintained in the range of 6.90-188.64,
implying a strong adsorption affinity, and the adsorption
affinity showed the order CTC > OTC > TC.

D (or B) has a high specific surface area and abundant
surface adsorption sites and can form a weak ion exchange
effect on antibiotics. When D (or B) was modified by BS, BS
was easily combined with the negative charge sites on the
outer surface of the D (or B) by the positive charge group
-N* end. The antibiotics were adsorbed through negative

B
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Fig. 5. Adsorption isotherms of each test soil sample to CTC (a,b), OTC (c,d), and TC (e,f).
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Table 2
Langmuir parameters of each test soil sample to adsorb antibiotics

Antibiotic Tested sample Correlation coefficient (r) Standard deviation (S) q,, (mol/kg) b (L/mol)
D 0.9865" 0.19 3.33 49.39
BS-D 0.998%a 0.06 3.80 28.49
Mn-BS-D 0.9695 0.77 12.60 77.75
Fe-BS-D 0.9979 0.03 3.39 6.90

CTC Fe/Mn-BS-D 0.9266" 1.38 20.32 188.64
B 0.9832¢ 0.26 3.51 150.76
BS-B 0.9632° 0.95 14.98 165.08
Mn-BS-B 0.9618° 0.99 21.52 129.98
Fe-BS-B 0.9607° 0.80 11.65 55.02
Fe/Mn-BS-B 0.9582¢ 0.96 19.48 138.92
D 0.9850° 0.21 3.98 29.98
BS-D 0.9909° 0.21 6.31 18.76
Mn-BS-D 0.9863" 0.49 14.42 27.18
Fe-BS-D 0.9889" 0.26 5.72 40.96

OTC Fe/Mn-BS-D 0.9774 0.82 28.76 42.30
B 0.9878" 0.23 6.20 16.76
BS-B 0.9813" 0.69 15.13 68.79
Mn-BS-B 0.9827 0.73 30.26 55.51
Fe-BS-B 0.9724¢ 0.82 12.36 97.82
Fe/Mn-BS-B 0.9847° 0.68 29.85 48.83
D 0.9817 0.18 2.50 62.60
BS-D 0.9855" 0.40 7.50 48.09
Mn-BS-D 0.9615° 0.67 9.87 24.44
Fe-BS-D 0.9866" 0.08 1.86 18.23

TC Fe/Mn-BS-D 0.9831° 0.34 6.30 35.08
B 0.9879° 0.21 5.10 20.95
BS-B 0.9802° 0.58 10.86 42.74
Mn-BS-B 0.9697 0.66 11.96 24.97
Fe-BS-B 0.9938° 0.23 6.51 48.67
Fe/Mn-BS-B 0.9939° 0.46 8.09 60.32

Note: “indicates that there is a significant correlation at the level of p = 0.01. When the degree of freedom f=8 and p =0.01, » = 0.765.

charge points, such as the carboxyl group of BS-D (or BS-B)
and residual negative charge of D (or B) through ion
exchange. Moreover, antibiotics and the long carbon chain
of BS-12 formed hydrophobic bonds on the surface of BS-D
(or BS-B), and thus the g, of antibiotics in BS-D (or BS-B)
were higher than that of D (or B) [26,27]. After loading by
Mn or Fe, the specific surface area and surface adsorption
sites of BS-D (or BS-B) improved, and the adsorption capac-
ity of antibiotics by Fe/Mn-BS-D and Fe/Mn-BS-B increased
[32]. Compared with the above result, the amphoteric clay-
based composite material used in water improvement had
a high adsorption capacity for antibiotics and is thus a
good improvement material.

3.5. Thermodynamic characteristics on antibiotic adsorption

The results of the thermodynamic parameters of TC,
CTC, and OTC adsorption by the tested samples are shown
in Table 3. The apparent free energy change AG of antibi-
otic adsorption at 10°C and 40°C was negative, indicating

that the adsorption of antibiotic on all the tested samples
were spontaneous. The AG values in the same soil samples
were ~AG40 > -AG10, indicating that increase in tempera-
ture enhanced the spontaneity of antibiotic adsorption. The
apparent enthalpy change AH values of antibiotic adsorp-
tion on the tested samples were all positive, indicating that
the adsorption of antibiotic was endothermic, and increase
in temperature enhanced adsorption. These AH values were
completely consistent with the conclusion about tempera-
ture effect and were mutually verified. The AS values of
the tested samples were positive, indicating that the surface
disorder of adsorption system was large. The adsorption
of antibiotics on different tested samples was spontaneous,
endothermic, and entropy increasing. The above results are
consistent with those of Zou et al. [26].

3.6. Effect of physico-chemical properties on antibiotic adsorption

Table 4 shows the linear fitting results between g, and the
physico-chemical properties of different material samples.
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Table 3
Thermodynamic parameters of antibiotics adsorbed by each test soil sample
Antibiotic Tested sample AG (kJ/mol) AH (kJ/mol) AS
10°C 40°C (J/mol K)

D -8.93 -10.38 4.75 48.30
BS-D -7.26 -11.25 30.40 132.99
Mn-BS-D -10.20 -11.37 0.79 38.83
Fe-BS-D -3.14 -6.39 27.55 108.40

CTC Fe/Mn-BS-D -12.25 -13.81 2.48 52.03
B -11.51 -13.86 10.64 78.22
BS-B -11.68 -13.37 4.28 56.35
Mn-BS-B -11.45 -12.76 0.94 43.75
Fe-BS-B -9.06 -10.87 7.98 60.20
Fe/Mn-BS-B -11.52 -12.90 1.44 45.76
D -7.48 -9.33 9.96 61.60
BS-D —6.63 -9.21 17.72 86.01
Mn-BS-D -7.73 -8.89 3.28 38.86
Fe-BS-D -8.29 -10.26 10.28 65.59

orC Fe/Mn-BS-D -8.75 -9.89 2.06 38.19
B -6.44 -7.80 6.39 45.32
BS-B -9.88 -11.13 1.95 41.78
Mn-BS-B -9.43 -10.69 2.40 41.78
Fe-BS-B -10.58 -12.71 9.49 70.88
Fe/Mn-BS-B 9.12 -10.22 1.20 36.47
D -9.08 -11.61 14.81 84.37
BS-D -9.04 -10.60 5.71 52.08
Mn-BS-D -6.90 -8.64 9.53 58.03
Fe-BS-D -5.80 -8.22 17.02 80.59

TC Fe/Mn-BS-D -8.32 -9.64 4.09 43.85
B —6.77 -8.20 6.77 47.80
BS-B -8.76 -10.11 3.95 44.89
Mn-BS-B -7.28 -8.70 6.16 47.48
Fe-BS-B -8.97 -10.76 7.89 59.54
Fe/Mn-BS-B -9.59 -11.09 4.59 50.07

pH was negatively correlated with g and showed a signif-
icant correlation with the g, of B-based materials. The cor-
relation of CEC and g, was moderate of B-based materials
to CTC adsorption and D-based materials to TC adsorption.
CEC has a significant correlation with g, of D based mate-
rials to TC adsorption. S, was negatively and moderately
correlated with the g, of D-based materials to CTC adsorp-
tion, also moderate correlated with g, of D-based materials
to OTC adsorption. The above results show that the pH of
materials played a key role in determining the adsorption
effect of antibiotic on the tested samples. Three ionizable
groups were found in the molecular structures of the anti-
biotics, and the ionization equilibrium constants pK , pK_,
and pK , were 3.30-3.57, 7.49-7.69, and 9.44-9.88, respec-
tively. Antibiotic with pH < 3.30 is positively charged,
that with pH between 3.30 and 7.69 is positively or nega-
tively charged, and that with pH > 9.50 exists as an anion
[33]. The negatively charged groups of antibiotics, the
electronegativity of clay surface, and the negative charge
of BS-12 were enhanced at increased pH. These effects

are all unfavorable to the combination of antibiotics and
materials.

4. Conclusion

e Atincreased pH, the amounts of antibiotics adsorbed by
the tested samples increased first and then decreased, and
the maximum value was obtained at pH = 5. The amounts
of the three antibiotics adsorbed by each test sample
decreased with increasing I in a range of 0.01-0.5 mol/L.

® The adsorption amounts of the three antibiotics in each
test sample increased with the increase in temperature.
The adsorption of antibiotics on the tested samples
was spontaneous, endothermic, and entropy increasing.

e The adsorption processes of TC, CTC, and OTC were
described well by the Langmuir model. The g, of anti-
biotics were ranked in the following: OTC > CTC > TC.
The pH of materials played a key role in the determi-
nation of the adsorption effects of antibiotic on the
tested samples.
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Table 4

Linear relationship between g, and physico-chemical properties of soil samples

Antibiotic Clay type Regression equation Correlation coefficients (r) Standard deviations (S)
q,,=136.43 -17.64pH -0.5342 7.42
D q,=5.55+0.01CEC 0.1215 8.72
e q,=039-0.12S, -0.6091 6.92
g, =6821-6.29pH -0.9475" 2.63
B q,=32.78 - 0.02CEC -0.5762 6.72
q,=10.69 - 0.055, -0.2958 7.85
q, =138.73 - 17.53pH -0.3925 10.92
D g, =7.06 +0.02CEC 0.1368 11.76
otC g,=081+0.16S,,, 0.5988 9.51
g, =89.60 —8.25pH —0.8193¢ 7.16
B g, =32.78 +0.02CEC 0.2869 11.95
q,=9.89+0.11S,,, 0.4888 10.89
q,,=74.73 -9.55pH -0.6487 2.98
D q,=12.55-0.03CEC 0.6034 3.12
e q,=7.06-0.02S, 0.2398 3.80
q,=29.69-2.47pH -0.9185¢ 1.32
B g, =19.39 - 0.01CEC —0.8354" 1.83
q,=9.88-0.02S, -0.2834 3.19

Note: * and respectively indicate significant correlation at the level of p = 0.01 and 0.05. When degrees of freedom f =4, p = 0.01 and 0.05,

r=0.917 and 0.811.
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