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ABSTRACT: Clay minerals in sediments have strong adsorption capacities
for pollutants, but their role in the distribution of antibiotics in estuaries and
nearby coastal areas is unclear. We evaluated the clay mineral
montmorillonite (SWy-2) adsorption capacity for tetracycline (TC). We
assessed the adsorption capacity of SWy-2 for TC by measuring the removal
percentage of 30 mg/L TC over time. The effects of pH and ionic strength
on the TC adsorption onto SWy-2 were investigated. We analyzed the
kinetics of TC adsorption using a pseudo-second-order model and
determined the adsorption isotherm using the Langmuir equation. SWy-2
particles were characterized using zeta potential, Fourier transform infrared
(FTIR), and X-ray diffraction (XRD) analyses before and after TC
adsorption. The removal percentage of 30 mg/L TC by SWy-2 reached
70.76% within 0.25 h and gradually increased to 78.64% at 6 h. TC
adsorption was influenced by pH and ionic strength, where low pH enhanced and high ionic strength reduced the adsorption. The
kinetics of TC adsorption followed a pseudo-second-order model, and the adsorption isotherm adhered to the Langmuir equation.
The saturated adsorption capacity (qmax) of SWy-2 for TC was 227.27 mg/g. Zeta potential, FTIR, and XRD analyses confirmed that
electrostatic interactions and chemical bonds played a significant role in the TC adsorption by SWy-2. SWy-2 clay mineral exhibits a
substantial adsorption capacity for TC, indicating its potential as an effective sorbent to mitigate antibiotic contamination in estuaries
and nearby coastal areas. The observed effects of pH and ionic strength on TC adsorption have implications for the environmental
fate and transport of antibiotics. The pseudo-second-order kinetic model and Langmuir isotherm equation provide valuable insights
into the adsorption behavior and capacity of TC on SWy-2. Characterization analyses support the involvement of electrostatic
interactions and chemical bonds in the SWy-2−TC adsorption mechanism.

1. INTRODUCTION
Estuaries and nearby coastal areas are terrestrial−aquatic
transitional zones and are highly populated and vulnerable to
human activities.1 These areas are exposed to various
pollutants, including antibiotics, originating from domestic
and industrial wastewater, posing a significant threat to the
ecological environment of estuaries.2 The emergence of
antibiotics as a prominent pollutant further exacerbates the
situation, driven by excessive medical antibiotics use and the
rapid expansion of animal husbandry and aquaculture
industries in China.3,4 China, in particular, accounts for a
substantial portion of the global antibiotic consumption, which
has steadily risen over the years.5,6 The migration of residual
antibiotics from inland sources to estuaries and nearby coastal
areas occurs primarily through river systems, accumulating in
these areas.7−9 Apart from the potential consequences of
inducing bacterial resistance and disrupting microbial
communities in these ecological habitats, the presence of
antibiotics poses a significant concern for human health

throughout the food chain.10−12 Therefore, understanding the
distribution, migration, and transformation of antibiotics in
estuaries and nearby coastal areas is crucial to sustainable
development and preservation of these ecosystems.
Various studies have focused on the prevalence of antibiotics

in estuary and nearshore environments and demonstrated their
presence in domestic estuaries and nearby coastal area
waterbodies.13−15 The fate of antibiotics in water bodies is
primarily determined by their interaction with suspended
particles and sediments and through abiotic and biological
transformations. Additionally, antibiotics can also accumulate
within aquatic organisms through a process called bioaccumu-
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lation.16−20 In estuarine and coastal environments, sediments
serve as significant sinks for antibiotics, which accumulate due
to their adsorption onto sediment particles. Recent research
studies, such as those by refs 21−24, have detected antibiotics
in various estuarine and nearshore sediments. Clay minerals, a
crucial component of sediments found in estuaries and nearby
coastal regions,25,26 possess a large specific surface area and
exhibit strong ion exchange capabilities.
Consequently, it can be inferred that the presence of clay

minerals in sediment plays a crucial role in the adsorption of
antibiotics. A previous study has reported a positive correlation
between the content of clay minerals in sediment and the
adsorption coefficient of antibiotics.27 Although many studies
have been conducted on the adsorption of antibiotics by clay
minerals and modified clay minerals,28−30 they predominantly
focus on research pertaining to wastewater treatment. Never-
theless, the impact of clay minerals in sediments on the
migration of TC, specifically, remains poorly understood.
Hence, it is imperative to conduct further research to
investigate and comprehend the interaction between anti-
biotics and clay minerals present in estuary and coastal
sediments.
This study focused on TC, a common antibiotic that has a

ubiquitous presence in the surface sediments of estuaries and
coastal areas,31 and SWy-2, a representative clay mineral that
belongs to the 2:1 phyllosilicate group and is widely distributed
in the environment. The primary objectives were to under-
stand the influence of clay minerals on antibiotic adsorption in
sediments. Additionally, the study aimed to characterize SWy-2
before and after TC adsorption to elucidate the mechanisms
involved in the adsorption process. The study also aimed to
explore the adsorption capacity of TC and investigate potential
adsorption mechanisms under realistic conditions.

2. MATERIALS AND METHODS
2.1. Reagents and Materials. TC, hydrochloric acid,

sodium hydroxide, and oxalic acid were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The SWy-2, an iron-poor smectite and ubiquitous natural clay
mineral, was purchased from the Source Clays Repository of
the Clay Minerals Society (West Lafayette, IN, USA). The
SWy-2 particles were milled, passed through a 200 mesh sieve
(0.074 mm), and then stored for use. Deionized (DI) water
(18.2 mΩ cm) was obtained from a Heal Force NW ultrapure
water system (Shanghai, China). All of the other chemicals
used in the study were of analytical grade.
Two water and two sediment samples were taken from the

Beibu Gulf, located northwest of the South China Sea and
surrounded by the Leizhou Peninsula, Qiongzhou Strait,
Hainan Island, Vietnam, and the Guangxi Zhuang Autono-
mous Region. The first set of two samples (water sample 1,
labeled as W1; sediment sample 1, labeled as S1) was taken
from the estuaries of Maoling River (21.8859°N, 108.4721°E);
the second set of two samples (water sample 2, labeled as W2;
sediment sample 2, labeled as S2) was taken from the nearby
coastal areas of the Maowei Sea (21.8592°N, 108.6009°E).
The samples were then transported to the laboratory and
refrigerated in the dark at −20 °C.
2.2. Absorption Experiments. 2.2.1. Adsorption of TC

onto SWy-2. The absorption of TC onto SWy-2 was tested in
a 250 mL glass vial. A vial was filled with 0.05 g of SWy-2 and
70 mL of DI water. Then, 30 mL of 100 mg L−1 TC was added
to the vial to form an initial concentration of 30 mg L−1. The

vial was then stirred with a magnetic stirrer at 25 °C in the
dark. At different time intervals (0−12 h), 0.5 mL of the
suspension was extracted for analysis. The experiments on the
absorption of TC in the actual water by SWy-2 and the
absorption of TC by the actual sediments were conducted
using the abovementioned method. Each experiment was
conducted in duplicate.
The adsorption capacity (Q, mg·g−1) and removal

percentage (R, %) of the adsorbents for TC were calculated
by eqs 1 and 2

Q C C V m( ) /0 t= (1)

R C C1 /t 0= (2)

where C0 (mg·L−1) and Ct (mg·L−1) are the concentrations of
TC at the initial stage and time t, v (mL) is the initial solution
volume, and m (g) is the adsorbent dose.

2.2.2. Effect of pH on the Adsorption of TC onto SWy-2.
The effect of pH on the adsorption of TC onto SWy-2 was
tested in a 250 mL glass vial. A vial was filled with 0.05 g of
SWy-2 and 70 mL of DI water. Then, 30 mL of 100 mg L−1

TC was added to the vial to form an initial concentration of 30
mg L−1. 0.1 M HCl and 0.1 M NaOH were added dropwise to
adjust the pH to 2, 4, 6, 8, and 10. The vial was then stirred
with a magnetic stirrer at 25 °C in the dark. At different time
intervals (0−6 h), 0.5 mL of the suspension was extracted for
analysis. Each experiment was carried out in duplicate.

2.2.3. Effect of Ionic Strength on the Adsorption of TC
onto SWy-2. The effect of the ionic strength on the adsorption
of TC onto SWy-2 was tested in a 250 mL glass vial. A vial was
filled with 0.05 g of SWy-2, 68 mL of DI water, and 30 mL of
100 mg L−1 TC. Then, 2 mL of 0.5 M NaCl was added to the
vial to form 0.01 M NaCl. The preparation of 0.05 and 0.1 M
NaCl followed the same steps. The vial was then stirred with a
magnetic stirrer at 25 °C in the dark. At different time intervals
(0−6 h), 0.5 mL of the suspension was extracted for analysis.
Each experiment was conducted in duplicate.

2.2.4. Kinetics of Adsorption of TC onto SWy-2. The
absorption of TC was tested in a 250 mL glass vial. A vial was
filled with 0.05 g of SWy-2 and 70 mL of DI water. Then, 30
mL of 100 mg L−1 TC was added to the vial to form an initial
concentration of 30 mg L−1. The vial was then stirred with a
magnetic stirrer at 25 °C in the dark. At different time intervals
(0−6 h), 0.5 mL of the suspension was extracted for analysis.
Each experiment was conducted in duplicate.

2.2.5. Adsorption Isotherms of TC onto SWy-2. The
absorption of TC was tested in a 250 mL glass vial. A vial was
filled with 0.05 g of SWy-2 and 90, 80, 70, 60, 50, 40, and 30
mL of DI water, respectively. Then, 10, 20, 30, 40, 50, 60, 70,
and 80 mL of 300 mg L−1 TC were added to the vial to form
final concentrations of 30, 60, 90, 120, 150, 180, 210, and 240
mg L−1 TC, respectively. The vial was then stirred with a
magnetic stirrer at 25 °C in the dark. At 6 h, 0.5 mL of the
suspension was extracted for analysis. Each experiment was
conducted in duplicate.
2.3. Analysis. TC adsorption was measured using an LC-

16 HPLC instrument (Shimadzu, Kyoto, Japan) equipped with
a UV detector and an Inter Sustain C18 column (4.6 × 250
mm). The mobile phase was a mixture of 0.01 mol/L oxalic
acid, methanol, and acetonitrile (volume ratio 75:12.5:12.5) at
a flow rate of 1 mL/min; the column temperature was 35 °C;
and the detection wavelength was 360 nm.
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2.4. Characterization. The stability and surface charge
properties of SWy-2 particles were determined using a Zeta
potential analyzer Nano ZS90 (Malvern Instruments Ltd.,
Malvern, UK). The Fourier transform infrared (FTIR)
spectroscopy of SWy-2 particles before and after absorption
was performed by an FTIR spectrometer (MAGNA-1R550,
Thermo Scientific, Waltham, MA, USA). X-ray diffraction
(XRD) characterization analysis was used to determine the
crystal structure and phase composition of SWy-2 particles
before and after absorption in sediments by using an XRD
testing instrument (MiniFlex 600, Rigaku, Tokyo, Japan). The
whole scanning speed was set to 10°/min, and the test range
was 3−80°

3. RESULTS AND DISCUSSION
3.1. Adsorption of TC under Actual Conditions. TC

absorption under actual conditions was investigated by using
actual water and sediment samples obtained from the Beibu
Gulf. Figure 1a shows that the removal percentage of TC in
actual water samples W1 and W2 by SWy-2 was significantly
higher (91 and 95%, respectively) compared to the absorption
in pure water by SWy-2 (80%). This can be attributed to the
presence of colloidal substances in the actual water samples,
which enhance the adsorption capacity of TC.
Furthermore, we investigated the adsorption of TC by actual

sediment samples S1 and S2. As shown in Figure 1b, the
removal percentage of TC by sediment samples S1 and S2 by
SWy-2 reached 72 and 76%, respectively, and both sediment
samples exhibited favorable adsorption abilities for TC. The
equilibrium adsorption capacities of sediments S1 and S2 for
TC at a concentration of 30 mg/L were 45.78 and 43.07 mg/g,
respectively. XRD analysis of sediments S1 and S2 revealed
that montmorillonite, an Fe-containing mineral, was the
predominant clay mineral (as shown in Figure 2). It is worth
noting that XRD analysis has limitations, and there may be
other clay minerals present, such as chlorite or mica, in
concentrations too low to be identified by XRD. Nonetheless,
the findings support that clay minerals in sediments, including
smectite, play a crucial role in the adsorption of TC. Therefore,
clay minerals in sediments can be considered significant
environmental sinks for antibiotic pollutants in estuaries and
nearby coastal regions.
These results underscore the significant impact of clay

minerals in sediments on the environmental fate of antibiotics
in estuaries and nearby coastal areas. Therefore, we need to

further study the adsorption capacity and mechanism of TC
onto SWy-2.
3.2. Adsorption of TC onto SWy-2. To investigate the

adsorption of TC onto SWy-2, SWy-2 was used to adsorb 30
mg/L of TC. As shown in Figure 3, at predetermined time

intervals (0−0.25 h), the removal percentage of TC quickly
reached 70.76% and then continued to slowly increase until it
reached 78.99% at 12 h. The adsorption equilibrium time was
6 h. Therefore, the time intervals of TC adsorption in other
experiments were 0−6 h. This time profile reflected an initially
quick absorption followed by a slow process, which was
consistent with the previously reported two-stage feature for
the absorption of substances by clay minerals.32 At equilibrium,

Figure 1. Absorption of TC in actual water by SWy-2 (a); and absorption of TC by actual sediments (b). Experimental conditions: 0.5 g/L SWy-2
and TC concentration in pure water, W1 and W2 were 30 mg/L respectively, the concentration of both S1 and S2 was 5 g/L, and the pH was not
adjusted.

Figure 2. XRD patterns of the selected sediments. Curve A refers to
the sediment S1 from the Maoling River, and Curve B refers to the
sediment S2 from the Maowei Sea.

Figure 3. Adsorption capacity and the removal percentage of TC
absorbed by SWy-2. Experimental conditions: 0.5 g/L SWy-2 and 30
mg/L TC; pH was not adjusted.
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the adsorption capacity of TC on SWy-2 was 50.08 mg/g. The
results revealed that the clay minerals were efficient in the
adsorption of TC.
3.3. Effect of pH on the Adsorption of TC onto SWy-2.

The effects of pH (2−10) on the adsorption of TC onto SWy-
2 are presented in Figure 4. As the pH increased, the

adsorption quantity of TC decreased. The turning point
appeared at pH 6, and then there was a slight increase when
the pH was higher than 6. This trend showed that the affinity
of TC for the SWy-2 surface was higher at a lower (acidic) pH.
The pH of the solution affected the adsorption of TC onto

SWy-2, which could be attributed to the ionic structure of TC.
The ionization constants pKa1 and pKa2 of TC are 3.30 and
7.68, respectively.33 As shown in Figure 4, at pH 3.3, TC exists
in the cationic form of TCH3

+, where electrostatic attraction
occurs between negatively charged SWy-2 and prevailing
positively charged TCH3

+ species. With the increase in pH, the
negative charge on TC continued to intensify. Adsorption of
TC onto SWy-2 occurred mainly through the cation exchange
between TC and the inner and outer surfaces of SWy-2; thus,
TC adsorbed onto negatively charged SWy-2 through
electrostatic interactions. Therefore, as the negative charge
density of TC increased, the adsorption performance of TC
onto SWy-2 gradually weakened. Although optimal adsorption
was achieved at a lower pH, SWy-2 still exhibited high
adsorption capacities across the pH range of 2−10, indicating
that SWy-2 can be an effective adsorbent of TC across an
extensive pH range in natural habitats. In fact, due to the weak
alkalinity of seawater and its tendency for pH values to 8, it can
be inferred that clay minerals exhibit good adsorption
capabilities for TC in estuaries and nearby coastal areas.
3.4. Effect of Ionic Strength on the Adsorption of TC

onto SWy-2. To assess the impact of clay minerals on TC
absorption in marine environments, we conducted a study to
examine the effect of ionic strength on the adsorption of TC
onto SWy-2. As depicted in Figure 5, the quantity of TC
adsorbed onto SWy-2 gradually decreased with increasing
concentrations of NaCl. When the NaCl concentration ranged
from 0 to 0.10 M, the removal percentage of TC declined from
78.99 to 39.86%. This observation suggests that competitive
adsorption exists between Na+ and TC. As the concentration
of NaCl increased, the dominance of Na+ in the competitive
adsorption process grew. Consequently, Na+ was rapidly
adsorbed onto the surface of SWy-2, significantly reducing
the number of available sites for TC absorption on SWy-2.
Accordingly, the amount of TC adsorbed by SWy-2

diminished considerably. These findings indicate that higher
cation concentrations in the solution lead to lower adsorption
capacities of TC by SWy-2. Considering that the salinity of
seawater is typically high and it is affected by different seasons
and sea area, the average value of salinity in seawater is 3.5%,
which is approximately 200 times that of fresh water. So, it is
crucial to acknowledge the influence of ionic strength when
evaluating the impact of clay minerals on TC migration in
marine and estuarine environments.
3.5. Kinetics of the Adsorption of TC onto SWy-2. To

investigate the adsorption kinetics of TC onto SWy-2, pseudo-
first-order and pseudo-second-order kinetic models were
employed to fit the experimental data. The dynamic models
are as follows (eqs 3 and 4)

q q q k tln( ) Ine t e 1= (3)

t
q k q q

t1 1

t 2 e
2

e

= +
(4)

where qe(mg/g) is the adsorption capacity of TC at adsorption
equilibrium and qt (mg/g) is the adsorption capacity of TC at
time t. k1(1/min) and k2[g/(mg·min)] are the rate constants of
the pseudo-first-order and the pseudo-second-order kinetic
models, respectively.
The fitting results of the adsorption kinetics of TC onto

SWy-2 are displayed in Figure 6b, and the corresponding
dynamic parameters are shown in Table 1. By comparing the
correlation coefficients of the pseudo-first-order (R2 = 0.011)
and the pseudo-second-order kinetic equations (R2 = 0.999),
we found that the adsorption process of TC by SWy-2
conformed to the pseudo-second-order kinetic model. The
theoretical equilibrium adsorption capacity of TC was 50.60
mg/g under the pseudo-second-order kinetic model of the
adsorption of TC onto SWy-2, and this value was close to the
equilibrium adsorption capacity of 53.02 mg/g obtained during
the test. These results confirmed that the adsorption of TC
onto SWy-2 followed the pseudo-second-order kinetic
equation, confirming that the adsorption of TC onto SWy-2
primarily occurred through physicochemical adsorption.
Therefore, our study demonstrated that various physicochem-
ical effects such as layer spacing change, covalent bond
formation, and electron exchange mainly influence the
adsorption process of TC onto SWy-2.
3.6. Adsorption Isotherms of TC onto SWy-2. To

further explore the adsorption isotherms of TC onto SWy-2,

Figure 4. Effect of the pH on the adsorption of TC onto SWy-2.
Experimental conditions: 0.5 g/L SWy-2 and 30 mg/L TC; pH values
were adjusted to 2, 4, 6, 8, and 10.

Figure 5. Effect of ionic strength on the adsorption of TC onto SWy-
2. Experimental conditions: 0.5 g/L SWy-2 and 30 mg/L TC; the
concentration of NaCl was 0.01, 0.05, and 0.1 M, respectively.
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the Langmuir eq 5 and Freundlich eq 6 were used to fit the
experimental adsorption data

C
q

C
q q K

1e

e

e

m m L
= +

(5)

q K
n

cIn In
1

Ine F e= +
(6)

where qe(mg/g) is the adsorption capacity of TC in the
adsorption equilibrium and qm (mg/g) is the maximum
adsorption capacity of TC absorbed by SWy-2. Ce (mg/L) is
the TC equilibrium concentration. KF and KL are the
Freundlich and Langmuir adsorption constants, respectively.
n is a nonideal parameter that ranges from 0 to 1 (ideal).
The fitting results are shown in Figure 7, and the fitted

parameters of the Langmuir and Freundlich equation for TC
adsorption onto SWy-2 are shown in Table 2. Based on the
fitting results, the correlation coefficients, R2, of the Langmuir
isotherm adsorption equation and the Freundlich isotherm
adsorption equation were 0.997 and 0.932, respectively. This
shows that the adsorption isotherm of TC absorbed by SWy-2
was more consistent with the Langmuir isotherm equation.

Therefore, it can be confirmed that the adsorption of TC onto
SWy-2 was a homogeneous monolayer adsorption. In this
process, TC was uniformly adsorbed on the surface of SWy-2
until it finally reached equilibrium. According to the fitting
results of the Langmuir isotherm adsorption equation, the
saturated adsorption capacity of SWy-2 for TC is qmax = 227.27
mg/g. Compared with other substances in the natural
environment, the adsorption capacity of SWy-2 is relatively
high. Considering that organic carbon is an important
component of soils and sediments, it is necessary to compare
the TC adsorption capacity of SWy-2 with that of organic
carbon. Biochar is rich in organic carbon and can represent the
organic carbon in soils and sediments, and the maximum
adsorption capacity of Biochar derived from rice waste for TC
is qmax = 94.63 mg/g,34 which is lower than that of SWy-2. It
reveals that clay mineral is the important environmental fate of
TC versus other materials in the sediments.
The adsorption capacity of clay minerals and their specific

surface area and ion exchange properties make them capable of
retaining and accumulating antibiotics. Consequently, clay

Figure 6. Adsorption of TC as a function of time (a) and the pseudo-first-order and pseudo-second-order models for TC adsorption. (b)
Experimental conditions: 0.5 g/L SWy-2 and 30 mg/L TC; pH was not adjusted.

Table 1. Kinetic Parameters for TC Adsorption on SWy-2

pseudo-first-order pseudo-second-order

k1(1/min) qe(mg/g) R2 k1(g/(mg·min)) qe(mg/g) R2

0.00602 22.60 0.011 0.0086 50.60 0.999

Figure 7. Adsorption isotherms of TC on SWy-2. The data were fitted using the Langmuir isotherm equation (a) and Freundlich isotherm
equation (b). Experimental conditions: 0.5 g/L SWy-2, and 30, 60, 90, 120, 150, 180, 210, and 240 mg L−1 TC; pH was not adjusted.

Table 2. Fitted Parameters of the Langmuir and Freundlich
Equation for TC Adsorption onto SWy-2

Freundlich equation Langmuir equation

KF n R2 KL qmax R2

31.19 2.40 0.932 0.063 227.27 0.997
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minerals are potentially important sinks for antibiotic
pollutants in these aquatic environments.
3.7. Mechanisms of Adsorption of TC onto SWy-2.

3.7.1. Zeta Potential of the Adsorption of TC onto SWy-2.
The variation in the zeta potential of the SWy-2 suspension
liquid while SWy-2 adsorbed TC is shown in Figure 8. The

zeta potential value was negative at the time intervals 0−6 h,
which was indicative of the negative surface charge of SWy-2.
As shown in Figure 8, the zeta potential value of the SWy-2
suspension liquid varied considerably at 0−0.25 h intervals,
which was consistent with the removal percentage of TC
adsorbed by SWy-2. The results showed that the adsorption of
TC by SWy-2 at a certain interval (i.e., 0−0.25 h)
predominantly occurred via electrostatic interactions between
the negative charge of the SWy-2 suspension liquid and the
cations of TC. However, the zeta potential value of the SWy-2
suspension liquid changed slowly at intervals of 0.25−6 h,
indicating that the adsorption rate was relatively slow and
confirming that the adsorption of TC onto SWy-2 gradually
reached equilibrium.

3.7.2. FTIR of SWy-2 Particles before and after
Absorption. To further confirm the adsorption mechanism
of TC by SWy-2, SWy-2 particles after TC adsorption were
washed with deionized water, freeze-dried, and subsequently
used to perform an FTIR test. As shown in Figure 9, compared
with the infrared spectrum of pristine SWy-2, two new infrared
absorption peaks appeared at 1454 and 1508 cm−1 after TC
had been adsorbed by SWy-2 for 10 and 30 min, respectively,
and the intensity of the new infrared absorption peaks

increased as the absorption time increased. The two new
infrared absorption peaks are the characteristic absorption
peaks of TC. Among them, 1454 cm−1 is the absorption peak
of NH2 in TC, and 1508 cm−1 is the stretching vibration peak
of the benzene ring (C�C) in TC. Accordingly, it is possible
that the adsorption of TC by SWy-2 initially occurs through
electrostatic interactions. The charged surface of SWy-2
attracts polar TC molecules, facilitating their adsorption. As
the adsorption process progresses, chemical bonds may form
between SWy-2 and TC, such as hydrogen bonds or ion−
dipole interactions. These bonds contribute to the strong
binding and stability of the TC−SWy-2 complex.

3.7.3. XRD of SWy-2 Particles before and after
Absorption. Figure 10 shows the XRD analysis of SWy-2 in

its original state and at different adsorption times. Before
adsorption, the 001 diffraction peak of pristine SWy-2 was
sharp and symmetrical, indicating that the pristine SWy-2 was
relatively pure, exhibiting an orderly structure and good
crystallinity. After adsorption, the peak pattern of SWy-2
particles did not change, but the 001 diffraction peak became
stronger. This may be due to the layer spacing of SWy-2
becoming larger for TC to enter the intercalation of SWy-2.
According to the Bragg formula, the crystal plane spacing of
SWy-2 particles before and after absorption increased from
1.464 to 1.529 nm. During the absorption of TC by SWy-2
over time intervals of 0−6 h, the crystal plane spacing of SWy-
2 particles rapidly increased from 1.464 to 1.493 nm within the
first 0−0.25 h. Subsequently, the crystal plane spacing slowly
increased from 1.493 to 1.529 nm from 0.25 to 6 h. These
changes in crystal plane spacing corresponded well with the
observed removal percentages of TC. Within the initial 0−0.25
h, the removal percentage quickly reached 70.76% and then
gradually increased to 78.64% over the subsequent 0.25−6 h
period, as illustrated in Figure 3. Furthermore, following
adsorption, the primary diffraction peak pattern of the SWy-2
particles remained largely unchanged. This consistency can be
attributed to the relatively consistent directional arrangement
of TC between the layers of SWy-2.

4. CONCLUSIONS
This study utilized SWy-2 as a clay mineral model to
investigate its role in the absorption of common antibiotics,
specifically TC. The findings demonstrated that SWy-2
exhibited rapid adsorption of TC in the initial stages, with a
slower rate of adsorption observed in the later stages. The

Figure 8. Zeta potential of the adsorption of TC onto SWy-2.
Experimental conditions: 0.5 g/L SWy-2 and 30 mg/LTC; pH was
not adjusted.

Figure 9. FTIR of SWy-2 particles before and after absorption.
Experimental conditions: 0.5 g/L SWy-2 and 30 mg/L TC; pH was
not adjusted.

Figure 10. XRD of SWy-2 particles before and after absorption.
Experimental conditions: 0.5 g/L SWy-2 and 30 mg/L TC; pH was
not adjusted.
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influence of the pH and ionic strength on TC adsorption onto
SWy-2 was also examined. Low pH increased the quantity of
TC adsorbed onto SWy-2, while high ionic strength decreased
the adsorption capacity. The adsorption kinetics of TC onto
SWy-2 followed a pseudo-second-order model, while the
adsorption isotherm fit well with the Langmuir equation. The
Langmuir isotherm fitting revealed a saturated adsorption
capacity (qmax) of 227.27 mg/g for TC onto SWy-2. Various
characterization techniques were used to elucidate the
mechanisms underlying the adsorption of TC onto SWy-2.
We found that the adsorption of TC by SWy-2 occurred
mainly through electrostatic interactions, followed by the
formation of chemical bonds between SWy-2 and TC. In
conclusion, clay minerals, exemplified by SWy-2, demonstrated
effective adsorption capabilities for typical antibiotics such as
TC. Consequently, when assessing the ecological risk of
antibiotics in estuarine and near-shore environments, the
beneficial role of clay minerals in antibiotic adsorption should
be considered.
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