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Abstract: Sediments represent the major sink of antibiotics in aquatic systems. However, few studies
have proposed effective models that can predict the adsorption capacity of sediments through their
physicochemical parameters. Here, 49 sediment samples were collected from different locations
in the Yangtze Estuary and its adjacent coastal areas. The sediments were characterized, and their
adsorption behavior towards tetracycline (TC) was investigated. It was found that both the Langmuir
and Freundlich models fit the TC adsorption data well, and the sediments in the mud area showed the
highest adsorption capacity. Subsequently, through correlation analysis for the adsorption coefficients
and physicochemical parameters of sediments, 11 models were established to predict the adsorption
coefficients (Kd), in which clay and cation exchange capacity played significant roles. When the
salinity was increased from 0 to 32.79‰, the Freundlich adsorption coefficient (Kf) of TC for most
sediments was reduced by more than75% (except sediment C6). Therefore, the methods provided
herein can be helpful in predicting the sorption behavior of antibiotics with similar structures toward
TC by sediments in this region.

Keywords: antibiotics; sediment; physicochemical property; model; salinity

1. Introduction

Antibiotics are widely used in human healthcare and animal agriculture. Due to the
continuous development of agriculture and aquaculture, antibiotic abuse has resulted in large
emissions of antibiotics into the environment [1,2]. In recent years, numerous antibiotics have
been detected in different environmental compartments, including rivers [3,4], drinking wa-
ter [5], soil [6], and sediments [7–9]. With the in-depth understanding of the environmental
hazards of antibiotics, it has been widely accepted that excessive antibiotic discharge into
the environment may induce the development of bacterial-resistant genes [10,11], which
pose great threats toward humans and other creatures in the environment.

Among various antibiotics, Tetracycline compounds (TCs) are a globally used veteri-
nary antibiotic used to improve growth rate and feed efficiency [1]. The usage of TCs in
China was about 12,000 tons in 2013, representing 7.41% of the total antibiotics usage in
that year [2]. Therefore, tetracycline residues are most commonly detected in major rivers,
seas and sediments in China [12]. For instance, the concentration of TC in the sediments of
Pearl River was detected with a median concentration of 4.97 ng/g, which was higher than
that of other rivers, including the Yellow River and Liao River, due to the extensive usage of
TC in aquaculture and the high adsorption capability of sediments toward TC in the Pearl
River [12]. Adsorbed TCs in sediments are often not easily affected by common degradation
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processes, and their persistence in water environments often results in significant antibiotic
accumulation. Therefore, the ecological risk of TCs in sediments cannot be ignored.

The distribution behaviors of TCs between the water and solid phases are often
characterized by adsorption coefficients (Kd values) to facilitate the comparison of different
adsorbents [13]. Conde-Cid et al. [14] found that Kd displays a wide order of magnitude
range (102 < Kd < 105 L/kg) in different soils/sediments via data compilation. The reason
for this phenomenon is that the physical and chemical properties of sediments vary in
organic carbon (OC) content, cation exchange capacity (CEC), texture, pH, clay content,
free/crystalline oxide content or environmental conditions (i.e., salinity, pH, ionic strength,
temperature and flow rate). For example, the Kd of eight sediments in Taihu Lake China was
determined to be 1600–15,400 L/kg, and the sediment with the highest CEC and organic
carbon content in East Tai Lake showed the strongest sorption capacity [15]. Sassman
and Lee [16] found that soils with a low pH and high CEC in the USA exhibited a Kd as
high as 312,447 L/kg. Li et al. [17] found that soil with a high pH and low organic matter
content exhibits a lower Kd value of just 154 L/kg. Furthermore, the sorption of TC and
oxytetracycline on marine sediments was found to be decreased along with the increase in
pH and salinity [18,19]. Based on the experimental results, several models have been built
to predict the adsorption capacity of sediments toward antibiotics [20,21]. However, due
to the limited number of samples collected, the models only consider a limited number of
sediment parameters. Therefore, developing a statistical model based on largely increased
samples to cover as many sediment parameters as possible is of great value to improve the
accuracy of predicting TC adsorption behavior.

The Yangtze Delta is an important industrial and economic center in China, with an
area of approximately 99 thousand km2 and a population of more than 75 million. This
region is responsible for 18.7% of the national gross domestic product [7]. Moreover, with
the high-speed development of this region, coastal marine environments and especially
estuarine systems have been exposed to large quantities of pollutants mainly transported
from land-based sources via river runoff and sewage outfalls [22,23]. It is important to note
that TC concentrations were found to be higher than those of other antibiotics in Yangtze
River sediments [12]. Because of complex hydrodynamic conditions and dramatic changes
in salinity, the sediments in this region are significantly different from those in other regions.
Although TC adsorption soil had been previously studied, studies about the behavior of TCs
in river and coastal marine environments are still scarce. Therefore, in this study, we used
batch-type experiments to study the TC adsorption capability of the 49 different collected
sediments from the Yangtze Estuary and its coastal areas. The following investigations
were conducted to (i) quantify sediment properties, including mineralogical composition,
element composition, particle size distribution and some important chemical parameters;
(ii) identify the physicochemical factors related to TC adsorption; (iii) develop a prediction
model associated with sediment characteristics and TC adsorption; and (iv)define the effect
of environmental factor salinity on antibiotic adsorption coefficients.

2. Materials and Methods
2.1. Study Area

The study area is located in the Yangtze Estuary and its coastal areas (121◦10′~124◦00′ E,
29◦97′~31◦75′ N) (Figure 1), where extensive tidal flats have developed along the east coast
of China. The estuary is divided into the South Branch and North Branch by Chongming
Island, and the South Branch is divided into the South Channel and the North Channel by
Changxing Island and Hengsha Island.

Diluted Yangtze water (Figure 1) takes different routes depending on the season,
with northeastward flows in summer and southward flows in winter [24]. In summer,
the northward Taiwan warm current increases, and the Jiangsu coastal current decreases
because of the prevailing southeast monsoon. Therefore, the transport of terrigenous
particles from the Yangtze Estuary to the sea is obstructed in summer, and suspended
sediments concentrate in the Yangtze Estuary, forming the Yangtze Estuary mud area. This
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area is where Yangtze River sediments accumulate before entering the sea and is also
the location of the main convergence area of the East China Sea shelf carbon and related
substances [24].

In the present research, estuary sediments B and C were collected from the North
Channel and South Channel, respectively. Among them, the South Channel represents
the trunk stream. Marine samples (including the mud area and O area) were collected
from the estuarine inner shelf region of the East China Sea (ECS), which is a major sink of
Yangtze-River-derived fine-grained sediments and associated organic materials [25].
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Figure 1. Sampling sites in the estuary of the Yangtze River and its coastal area (mud areas are
modified according to Liu et al. 2007 [26]).

2.2. Sample Collection and Preparation
2.2.1. Sediment Samples

Sediment samples were sampled from 49 different sites in the Yangtze Estuary and its
coastal areas in China in July 2016 (Figure 1). Samples were collected along with the fleet of
the Institute of Oceanology, Chinese Academy of Sciences. Surface sediments (0–5 cm) were
collected with a box dredger, packed in sealed plastic bags and stored in the refrigerator.
After being transported back to the laboratory, the sediments were freeze-dried and sieved
through 60-mesh sieves.

The 49 samples taken in the study area were divided into four areas: the B area
(7 samples) and C area (7 samples) corresponding to the Yangtze Estuary; the M area
(20 samples) in the Yangtze Estuary mud area; and the O area (15 samples) to the east
of 123◦ E.
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2.2.2. Seawater

Natural seawater (with a salinity of 32.69‰) was collected from the ECS (32◦ N,
123◦ E) and filtered through 0.45 mm membranes [27]. The salinity was measured with a
lab salinometer (National Ocean Technology Center, Tianjin, China). Before use, seawater
was irradiated with ultraviolet light [18]. Seawater was used as the medium to simulate
the adsorption process of TC on marine sediments.

2.3. Chemical Reagents

Pure tetracycline hydrochloride was purchased from Rhawn (Shanghai, China). The
TC standard was dissolved in ultrapure water (Millipore, Billerica, MA, USA) as a stock
solution (1000 mg/L), which was stored at 4 ◦C in the dark. This stock solution was
diluted to a series of concentrations with ultrapure water or artificial seawater consisting
of 0.01 M CaCl2 for further use. Sodium hydroxide (GR) was obtained from Yonghua
Chemical Co., Ltd. (Changshu, China). Hydrochloric acid (GR) and calcium chloride (GR)
were from Nanjing Chemical Co., Ltd. (Nanjing, China). All solutions were prepared using
ultrapure water (Millipore, Billerica, MA, USA). For pH adjustment, 0.01 M HCl or a NaOH
solution was used.

2.4. Measurement and Characterization of Sediment Properties

The physicochemical properties of the sediments are listed in Table S1. The physio-
chemical properties of the collected sediments were analyzed following standard analytical
methods. The mineral composition was estimated using the semi-quantitative analyses of
X-ray diffractometer (D/Max-2500, Rigaku, Tokyo, Japan) patterns [27]. Particle diame-
ters (D50) were determined using a laser particle size analyzer (Mastersizer2000, Malvern
Panalytical, York, UK). The organic matter (OM) content of the sediments was measured
with a carbon/sulfur determinator (CS230, LECO, St. Joseph, MO, USA). In addition, CEC
experiments were performed using the hexamminecobalt trichloride solution spectrophoto-
metric method (HJ889-2017). Elemental analysis was measured via an X-ray fluorescence
(XRF) spectrometer (Axios4kw, Panalytical, Almelo, Netherlands). The functional groups
of sediments and TC were measured via Fourier-transform infrared spectrometry(Nicolet
iS10, ThermoFisher, Waltham, MA, USA).

2.5. Sorption Experiments
2.5.1. Sorption Isotherm Experiments

The sediment collected from station M19 was chosen to conduct the kinetic sorption
experiments. A 200 mL volume of 30 mg/L TC and 0.2 g sediment were added to each
Erlenmeyer flask. The pH of the solutions was maintained at 7.0 ± 0.1. In order to
determine the equilibration time, the samples were shaken for 5, 10, 15, 30, 60, 120, 240,
480, 720 and 1440 min intervals at 20 ◦C in a GY2016-SW temperature-controlled shaking
incubator (Changzhou Guoyu Appliance Co., Changzhou, China). Then, the samples were
centrifuged at a speed of approximately 4000 rpm for 10 mins, using a centrifuge (Shanghai
Anting Scientific Instrument Factory, Shanghai, China). The supernatant was filtered with
a 0.22 µm organic filter and analyzed at 350 nm using an ultraviolet spectrophotometer
(PERSEE, TU-1950, Beijing, China) according to a previously reported method [27]. A
sorption equilibration time of TC on sediment M19 at 20 ◦C is shown in Figure 2.

As shown in Figure 2, from 0 to 60 min, the adsorption occurred quite rapidly and then
changed to a slow adsorption stage from 60 to 720 min, finally reaching rough equilibrium
at 720 min. Therefore, in the sorption isotherm experiments, samples were shaken for
720 min (12 h) at a constant temperature.
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2.5.2. Kinetic Sorption Experiments

In these experiments, the TC stock solution was diluted with ultrapure water to
prepare the working solutions. Final concentrations of TC in the reaction mixtures were 5,
10, 15, 20, 25 and 30 mg/L, respectively, and its ionic strength was 0.01 mol/L of CaCl2. A
series of 100 mL TC solutions and 0.1 g sediment were mixed in 250 mL Erlenmeyer flasks.
Then, they were shaken (180 rpm) in the dark at 20 ◦C. After 12 h, 10 mL of supernatant
was taken out and tested according to Section 2.5.1. The two blank sorption experiments
were conducted according to a previously published method [28]. The results show that
TC loss was less than 3% over the whole experimental process, and the introduced TC
content by the sediment or background solution was lower than the detection limit. Each
adsorption experiment was conducted with three parallel tests to ensure the accuracy of
the results.

2.5.3. Effects of Salinity

In estuary or coastal regions, salinity usually varied in a wide range due to the
combined diluting effects of stream flow input and precipitation [29]. Additionally, salinity
is the most important environmental factor affecting the adsorption of sediments toward
antibiotics. Hence, we selected salinity as an environmental factor in our experiments.

According to the results of the sorption Isotherm Experiments, four samples, C6, M4,
M14 and M19, with different gradient adsorption constants (Kd, M4 > M19 > M14 > C6),
were selected to further investigate the influence of salinity on TC adsorption. The stock
solution was diluted in artificial seawater to prepare the working solutions. An amount
of 50 mL of TC working solutions (seawater proportion was 0%, 5%, 10%, 20%, 30%, 50%
and 100%) were prepared with their pH adjusted to 7.5 ± 0.1. In addition, in order to
investigate the influence of salinity on the adsorption capability of sediments at different
concentrations, three different levels of 10, 30 and 60 mg/L were selected. Later, 0.1 g
of sediment and different working solutions were placed into the Erlenmeyer flasks and
shaken at 20 ◦C and 180 rpm.

2.5.4. Data Analysis Method

The Langmuir and Freundlich isotherm models (Equations (1) and (2)) are most
commonly used when describing TC adsorption:

Qe =
KlQmCe

1 + KlCe
(1)
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Qe = K f Ce
n (2)

where Qe (mg/g) is the amount of TC adsorbed onto the sediment at equilibrium; Ce (mg/L)
is the TC equilibrium concentration; Qm (mg/g) is the maximum adsorption capacity; Kl
represents the Langmuir adsorption coefficient; Kf represents the Freundlich coefficient;
and n is a characteristic constant reflecting the nonlinear degree of adsorption. The data
were processed with Origin 2018, and the distribution map of sample sites was drawn
using ArcGIS. SPSS 19.0 software was used to calculate Pearson’s correlations among
adsorption parameters and sediment variables (CEC, D50, OM, mineral composition and
elemental content).

Kd (antibiotic distribution constant) was calculated using Equation (3):

Kd =
qi
Ci

(3)

where qi (mg/g) is the equilibrium amount of TC adsorbed onto the sediment and Ci
(mg/L) is the TC concentration at equilibrium. Later, correlation models were obtained
through multiple linear regressions using SPSS 19.0.

3. Results and Discussion
3.1. Physicochemical Properties of Sediments

The main physicochemical parameters of sediments are shown in Table S1. The mean
values of different parameters for the sediments (CEC, D50, OM, mineral composition
and elemental composition) are presented in Table 1. Sediments from the B and M areas
showed similar physicochemical properties. In addition, the physicochemical parameters
of C sediments were similar to those of O sediments. Sediment CEC and clay contents
were highly variable, ranging from 2.71 to 18.41% for CEC and from 8.0 to 78.0% for clay
contents. The highest mean values for CEC (11.98 and 14.16 cmol/kg, respectively) were
observed in sediments collected from the areas B and M. Moreover, sediments in the O area
showed a moderate mean CEC value (7.36 cmol/kg), and sediments in the C area displayed
the lowest CEC (4.75 cmol/kg). Moreover, the maximum clay content was observed in
sediment B (47.86%), followed by M (41.00%), O (21.80%) and C (16.14%). Nevertheless,
the quartz content in sediments followed the opposite order compared to the clay content.
However, OM contents in all sediments were low, varying between 0.12 and 1.22%. The
highest OM mean content was found in the B (0.98%) and M (0.93%) areas, followed by the
O (0.61%) area, and the lowest OM was found in the C area (only 0.42%, less than half of B).
The difference in OM contents for these sediments was likely caused by the different clay
content because the interlayer structure of clay can adsorb organic compounds.

Table 1. Mean values of physicochemical parameters of sediments from various locations of
Yangtze Estuary.

Area
CEC

(cmol/kg)
D50 OM Mineralogical

Composition (%) Major Elements (%) Trace Elements
(µg/g)

(µm) (%) Clay Quartz Others SiO2 Al2O3 Fe2O3 K2O Cu Zn Pb

B
Area 11.98 36.35 0.98 47.86 29.71 17.43 57.28 13.25 5.42 2.76 30.00 91.99 27.19

C
Area 4.75 130.71 0.42 16.14 56.00 24.71 65.89 9.24 4.12 2.11 12.61 58.31 20.20

M
Area 14.16 45.61 0.93 41.00 30.20 23.35 53.82 13.09 5.45 2.87 30.22 90.97 28.29

O
Area 7.36 154.81 0.61 21.80 46.20 29.07 59.98 10.14 3.96 2.43 10.76 59.83 24.09

Others: calcite, feldspar, goethite, aragonite, augite; (D50) Particle diameter; Organic matter (OM); Cation exchange
capacity (CEC); Mud area (M).
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With respect to particle size, the mean D50 values of sediments O and C (154.81 and
130.71 µm) were much greater than the values of M and B (45.61 and 36.35 µm). This result
suggests that particle sizes in the M and B areas were smaller than those in the O and C
areas. Except for SiO2, the content of other elements in the M and B areas was higher than
that in the O and C areas. In this research, the identified chemical elements in the sediments
were strongly influenced by sediment grain size. It was found that the contents of Al2O3,
Fe2O3, MgO, K2O, Cu, Pb and Zn gradually increased along with the decrease in particle
size, whereas the content of SiO2, CaO and Na2O decreased as particle size decreased.

In the Yangtze Estuary, the B sediments from the North Channel displayed high CEC,
OM values, clay and elemental content (such as, Al2O3, Fe2O3 and Cu). On the other
hand, they presented low D50 values, quartz and SiO2 content. The lowest CEC, OM and
clay content values, as well as the highest quartz and SiO2 levels, were observed in the
C sediments from the South Channel. These results are explained by the location of the
sediments. In the case of the South Channel located in the trunk stream of the Yangtze
River, coarse-grained sediments are rapidly deposited because of changes in hydrodynamic
conditions. On the other hand, fine fractions continue southward along the Yangtze River.
Moreover, the North Channel has weak hydrodynamic forces, and large amounts of fine
clay are deposited herein.

Outside the Yangtze Estuary, contrary to the O sediments, the D50, quartz and SiO2
content in the M sediments from the Yangtze Estuary mud area were relatively low, whereas
CEC, OM, clay content and most metals (listed in Table 1) displayed high values. This
might be due to the strong blocking effect of the Taiwan warm current.

3.2. Adsorption Isotherms

The Langmuir model in Equation (1), the Freundlich model in Equation (2), and the
Kd values of 49 sediments are summarized in Table 2. As seen in Table 2, the adsorption
of TC is fitted quite well by Freundlich isotherms (R2 = 0.82–0.99), and they can also be
fitted to Langmuir isotherms with very small errors (R2 = 0.84–1.00). This means that the
adsorption of TC was a complex process of physical adsorption and chemical adsorption.
However, for 37 sediment samples, the R2 values of the Freundlich equation were not as
good as those obtained with the Langmuir model. Thus, physical adsorption played a
major role in this process. The sorption isotherm for TC displayed a Langmuir-type shape,
suggesting that sorption occurred at a limited number of sorption sites on the surface of
the clay minerals.

Table 2. Values of Langmuir and Freundlich parameters obtained in the present research.

Sediments

Langmuir Freundlich
Kd-mean (L/g)

Kl (L/mg) qm (mg/g) R2 Kf
(mg1−nLng−1) n R2

B1 0.07 ± 0.01 14.37 ± 1.63 0.98 1.42 ± 0.17 0.60 ± 0.05 0.96 0.57
B2 0.17 ± 0.02 12.76 ± 0.85 0.98 2.65 ± 0.35 0.46 ± 0.07 0.90 0.92
B3 0.03 ± 0.01 44.63 ± 6.66 1.00 1.70 ± 0.17 0.82 ± 0.04 0.99 1.21
B4 0.07 ± 0.01 23.96 ± 2.27 0.99 1.91 ± 0.13 0.71 ± 0.03 0.99 1.11
B5 0.49 ± 0.12 13.05 ± 1.11 0.89 5.30 ± 0.63 0.30 ± 0.060 0.82 1.70
B6 0.10 ± 0.02 16.38 ± 1.50 0.98 1.99 ± 0.33 0.59 ± 0.06 0.96 0.88
B7 0.07 ± 0.03 11.29 ± 1.88 0.96 1.06 ± 0.32 0.60 ± 0.10 0.92 0.44
C1 0.06 ± 0.02 3.76 ± 0.91 0.90 0.29 ± 0.08 0.62 ± 0.10 0.85 0.13
C2 0.03 ± 0.02 7.21 ± 3.14 0.93 0.29 ± 0.08 0.76 ± 0.11 0.91 0.15
C3 0.04 ± 0.01 5.45 ± 1.26 0.95 0.32 ± 0.08 0.68 ± 0.10 0.89 0.14
C4 0.31 ± 0.06 1.13 ± 0.07 0.90 0.45 ± 0.02 0.26 ± 0.02 0.97 0.07
C5 0.10 ± 0.03 3.03 ± 0.33 0.92 0.53 ± 0.15 0.43 ± 0.09 0.86 0.13
C6 0.09 ± 0.03 3.24 ± 0.39 0.94 0.48 ± 0.07 0.49 ± 0.05 0.96 0.14
C7 0.15 ± 0.05 12.98 ± 1.52 0.95 2.46 ± 0.58 0.48 ± 0.09 0.91 0.89
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Table 2. Cont.

Sediments

Langmuir Freundlich
Kd-mean (L/g)

Kl (L/mg) qm (mg/g) R2 Kf
(mg1−nLng−1) n R2

M1 0.03 ± 0.01 31.87 ± 6.26 0.98 1.24 ± 0.18 0.77 ± 0.06 0.98 0.77
M2 0.07 ± 0.02 23.93 ± 4.03 0.97 2.07 ± 0.43 0.66 ± 0.09 0.94 1.07
M3 0.06 ± 0.03 22.38 ± 6.15 0.92 1.80 ± 0.48 0.66 ± 0.11 0.90 0.88
M4 0.06 ± 0.02 35.44 ± 8.69 0.97 2.41 ± 0.5 0.72 ± 0.09 0.95 1.51
M5 0.10 ± 0.02 16.78 ± 1.84 0.98 2.03 ± 0.34 0.58 ± 0.07 0.96 0.91
M6 0.21 ± 0.07 16.53 ± 3.23 0.94 3.20 ± 0.15 0.60 ± 0.04 0.98 1.75
M7 0.11 ± 0.04 26.65 ± 4.31 0.96 3.69 ± 0.75 0.56 ± 0.08 0.94 1.77
M8 0.08 ± 0.02 27.36 ± 4.20 0.97 2.58 ± 0.36 0.67 ± 0.07 0.94 1.37
M9 0.03 ± 0.02 67.53 ± 56.51 0.95 1.88 ± 0.35 0.84 ± 0.09 0.96 1.41
M10 0.03 ± 0.02 37.04 ± 21.6 0.93 1.32 ± 0.44 0.79 ± 0.13 0.93 0.85
M11 0.05 ± 0.02 25.78 ± 5.43 0.97 1.56 ± 0.12 0.74 ± 0.04 0.98 0.93
M12 0.05 ± 0.02 15.00 ± 4.39 0.91 1.05 ± 0.33 0.65 ± 0.12 0.89 0.49
M13 0.01 ± 0.01 57.69 ± 31.31 0.98 0.84 ± 0.13 0.70 ± 0.09 0.98 0.69
M14 0.01 ± 0.01 64.86 ± 44.8 0.98 0.86 ± 0.18 0.64 ± 0.04 0.98 0.63
M15 0.05 ± 0.03 30.74 ± 11.87 0.91 1.97 ± 0.43 0.79 ± 0.05 0.94 1.18
M16 0.11 ± 0.02 21.36 ± 1.81 0.99 2.50 ± 0.17 0.62 ± 0.11 0.98 1.33
M17 0.03 ± 0.01 34.77 ± 6.91 0.99 1.39 ± 0.18 0.81 ± 0.03 0.99 0.89
M18 0.09 ± 0.04 16.94 ± 4.61 0.88 1.79 ± 0.47 0.63 ± 0.06 0.86 0.71
M19 0.04 ± 0.01 38.17 ± 5.59 0.99 1.55 ± 0.11 0.89 ± 0.06 0.99 1.08
M20 0.07 ± 0.02 15.59 ± 1.99 0.98 1.44 ± 0.23 0.88 ± 0.07 0.97 0.65
O1 0.08 ± 0.02 11.34 ± 1.37 0.98 1.21 ± 0.17 0.60 ± 0.06 0.96 0.53
O2 0.15 ± 0.05 14.48 ± 1.99 0.90 3.06 ± 0.76 0.44 ± 0.10 0.82 0.94
O3 0.03 ± 0.00 16.15 ± 1.28 1.00 0.75 ± 0.09 0.71 ± 0.04 0.99 0.37
O4 0.03 ± 0.01 25.86 ± 3.90 0.99 0.83 ± 0.09 0.79 ± 0.04 0.99 0.53
O5 0.03 ± 0.01 21.48 ± 3.78 0.98 1.02 ± 0.11 0.71 ± 0.04 0.99 0.54
O6 0.03 ± 0.01 25.59 ± 5.15 0.99 0.94 ± 0.14 0.76 ± 0.05 0.99 0.56
O7 0.10 ± 0.02 6.64 ± 0.57 0.97 1.09 ± 0.11 0.48 ± 0.05 0.94 0.31
O8 0.11 ± 0.04 9.55 ± 1.50 0.86 1.75 ± 0.35 0.44 ± 0.08 0.82 0.51
O9 0.02 ± 0.01 30.40 ± 15.01 0.97 0.69 ± 0.13 0.81 ± 0.07 0.98 0.45

O10 0.10 ± 0.01 12.40 ± 0.92 0.98 1.78 ± 0.07 0.53 ± 0.02 0.99 0.65
O11 0.09 ± 0.02 9.83 ± 0.69 0.98 1.31 ± 0.18 0.52 ± 0.05 0.98 0.46
O12 0.03 ± 0.02 16.78 ± 5.45 0.95 0.80 ± 0.16 0.72 ± 0.07 0.97 0.43
O13 0.04 ± 0.03 13.01 ± 6.33 0.84 0.66 ± 0.25 0.71 ± 0.15 0.82 0.32
O14 0.08 ± 0.03 12.64 ± 1.96 0.95 1.54 ± 0.43 0.55 ± 0.1 0.90 0.56
O15 0.07 ± 0.03 20.05 ± 3.97 0.97 1.95 ± 0.42 0.63 ± 0.09 0.95 0.86

Kd -mean: mean Kd values for different initial concentrations of TC (5, 10, 15, 20, 25 and 30 mg/L).

It should be mentioned that the TC adsorption results obtained in the present research
were more compatible with the Langmuir model compared to those published in other
studies [22]. It is very likely that particle size exhibited a substantial influence on antibiotic
adsorption. It has been previously reported that, when the particle size is >63 µm, the
adsorption of most sediments fits well with the Langmuir model [30]. In the present
experiments, the D50 of most sediment samples was greater than 63 µm (Table S1).

Kd values had minor differences, owing to the different initial TC concentration, as
shown in Table S2 with Kd and Qe values at different initial concentrations of TC (5, 10,
15, 20, 25 and 30 mg/L). It is more appropriate to choose the average value (Kd-mean) to
represent the adsorption capacity of the sediment. As seen in Table 2, the Kd-mean values
different areas were in the following order: M area (0.49–1.78) > B area (0.44–1.70) > O area
(0.31–0.94) > C area (0.072–0.15). In general, sediments in the M and B areas displayed
higher adsorption capacities, and sediments in the O area presented an intermediate
adsorption capacity. In addition, the lowest capacity was observed in the C sediments,
which were mainly sand. This likely occurred because of the influence of land and ocean
interactions on the physicochemical characteristics of sediments, which in turn affected
their adsorption capacity.
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Table S3 represents a comparison of the Langmuir adsorption coefficients (Kl), maxi-
mum adsorption capacities (Qm), Freundlich adsorption coefficients (Kf) and characteristic
constants (n) of different adsorbents for TC adsorption. As noted above, in the Langmuir
model, Kl values ranged from 0.01 to 0.49 L/mg (average 0.068), which are similar to those
reported by Xu and Li [31] in marine sediments (Kl between 0.04 and 0.15 L/mg, aver-
age 0.09). However, our Kl values were slightly lower than those found by Huang et al. [21]
(Kl between 0.06 and 0.28 L/mg, average 0.18, n = 12). Moreover, the Qm values ranged
from 1.13 to 67.5 mg/g in this work. Previously, Xu and Li [31] obtained Qm values between
16.7 and 33.3 mg/g in marine sediments, whereas the Qm values were 10.2–40.7 mg/g in
river sediments [21]. Compared to previous studies, it is obvious that Qm varied in a wide
range (the lowest value is an order of magnitude lower than the others) because most Qm
values of C sediments were lower than 10 mg/g.

In the Freundlich model, the Kf values obtained in this study were 0.29–5.30 Ln mg1−n g−1.
In other studies, the Kf values for TC were 0.24–1.60 Ln mg1−n g−1 for soil [32],
2.39–4.27 Ln mg1−n g−1 for river sediment [21] and 1.12–2.29 for marine sediment [31]. In
view of this, it can be seen that the range of Kf variation in this work is higher than that in
previous reports but is in a similar range to the values 0.71–7.10 Ln mg1−n g−1 reported by
Conde-Cida et al. [33], likely because both of them used a large number of samples (n = 49
and 63, respectively). As seen in Table 2 and Table S3, the n values ranged from 0.26 to 0.89
(average 0.43), indicating that the adsorption curves were nonlinear.

3.3. Pearson Correlation Analyses

The adsorption parameters (Kd-mean, Qm and Kf) were selected to analyze their corre-
lations with the physicochemical properties of the sediments (Table 3). In general, most
of the physicochemical parameters exhibited a significant effect on Kd and Kf values (For
convenience, all following uses of kd in this manuscript refer to Kd-mean.) and a tiny effect on
Qm values. As shown in Table 3, the most important positive descriptors found were CEC,
clay contents, Al2O3, Cu and Fe2O3, K2O and OM. However, the adsorption of sediments
toward TC presented a negative correlation with D50, quartz and SiO2 content.

Table 3. Correlation between adsorption parameters and physicochemical properties of sediments.

Parameters CEC Clay OM D50 Quartz SiO2 Al2O3 Fe2O3 K2O MgO Cu Pb

Kd-mean 0.816 ** 0.795 ** 0.692 ** −0.612 ** −0.739 ** −0.724 ** 0.750 ** 0.717 ** 0.713 ** 0.612 ** 0.751 ** 0.596 **
Kf 0.558 ** 0.666 ** 0.528 ** −0.380 ** −0.577 ** −0.528 ** 0.540 ** 0.506 ** 0.487 ** 0.401 ** 0.540 ** 0.445 **

Qm 0.345 * 0.322 * 0.219 −0.255 −0.310 * −0.252 0.299 * 0.302 * 0.346 * 0.339 * 0.228 0.186

* Correlation is significant at the 0.05 level (two-tailed), ** Correlation is significant at the 0.01 level (two-tailed).

The correlation coefficient of CEC with Kd (0.816) displayed the highest value among
all the parameters, demonstrating that CEC has a significant effect on TC adsorption. This
result is consistent with that obtained by Ji et al. [15]. They studied the sorption of eight
different sediments for TC and found that the sediment in East Taihu Lake with the highest
CEC exhibited the highest TC sorption capacity. Additionally, Teixidó et al. [32] found that
the sorption of soil toward TC is governed by CEC (dominant at acidic–neutral soil pH). At
the pH values of our experiments (7.0 ± 0.1), TC contained about 75% neutral zwitterions
and 25% zwitteranions with a net negative charge [16]. Therefore, cation exchange and
surface complexation are the major adsorption mechanisms.

Likewise, clay content is another major positive parameter in TC adsorption, which is
similar to previous results [16]. Al-Wabel et al. [34] studied chlortetracycline adsorption by
10 different natural clay sediment samples and found that the CTC removal efficiency was
positively correlated with the clay contents of the sediments.

The contents of Al2O3, Fe2O3, MgO, Cu and Pb, which are related to the sediment
types and average particle size, also displayed a significant effect on the Kd value. Al is
the characteristic element in clay minerals, and the correlation between these elements and
Al2O3 indicates that they are all clay-friendly. In the estuarine area, Cu, Pb and other metal
ions were easily adsorbed on the surface of fine sediments. The influence of metal cations on
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the adsorption of TC antibiotics was investigated. TCs are known to complex with divalent
and trivalent cations (metal ions), owing to multiple O- and N-containing functional groups
in TCs [35,36]. For example, it was observed that the increase in TC adsorption is related
to the formation of TC–Cd2+ complexes [19]. Similar studies conducted by Zhao et al.
2011 [37] also found that Cu2+ can greatly enhance the adsorption capacity of kaolinite by
acting as a bridge ion between TC species and the edge sites of kaolinite.

Previous studies have reported that organic matter is a key factor for controlling the
adsorption behavior of TCs by different kinds of soils [14,38] and sediments [19], which
is also in concordance with our findings in this work. For example, Xu and Li [31] found
that the OM of the sediments has a profound effect on the sorption of TC. Differently,
other scientists observed that the adsorption of oxytetracycline by clay may be increased
or decreased in the presence of dissolved organic matter, depending on the quantity and
pH of the medium [39]. In this work, it is worth noting that the correlation coefficient of
OM with Kd (0.692) was lower than that of other parameters, likely due to the lower OM
content of sediments (Table 1).

3.4. Model Fitting

SPSS multiple linear regressions were used to develop the TC adsorption model,
selecting the adsorption coefficients (Kd) as the dependent variable and sediment physic-
ochemical parameters as the independent variables [21,40]. Table 4 shows 11 different
prediction models used for the TC adsorption of the sediments in the Yangtze Estuary
and its adjacent coastal areas in our work. The data showed that each prediction model
displayed R2 values of more than 0.628 (Table 4), which indicated a good fit for TC ad-
sorption. As Table 4 shows, the 11 models that considered CEC, clay and Pb displayed
the highest R2 values (R2= 0.764). Furthermore, nine fitting equations used clay and other
parameters, and the other two used SiO2 and other parameters. In addition, the R2 value
of the clay model (R2 = 0.764–0.648) was larger than that of the elemental content model
(R2 = 0.628–0.634). These results demonstrate that clay content had a significant impact on
the adsorption behavior of TC by sediments in the Yangtze Estuary and its adjacent coastal
areas. Moreover, the adsorption equation based on elemental content (e.g., SiO2, Al2O3,
and Cu) was also feasible.

Table 4. Prediction models of TC adsorbed on estuary and marine sediments.

Models Fitting Equations Properties R2

Model 1 Kd = −0.080 + 0.011Clay + 0.048CEC Clay, CEC 0.726
Model 2 Kd = 2.039 + 0.015Clay − 0.031SiO2 Clay, SiO2 0.716
Model 3 Kd = −0.052 + 0.014Clay + 0.016Cu Clay, Cu 0.723
Model 4 Kd = 0.307 + 0.018Clay − 0.001D50 Clay, D50 0.657
Model 5 Kd = −0.127 + 0.016Clay + 0.456OM Clay, OM 0.648
Model 6 Kd = −0.593 + 0.014Clay + 0.076Al2O3 Clay, Al2O3 0.698
Model 7 Kd = −0.693 + 0.016Clay + 0.362K2O Clay, K2O 0.688
Model 8 Kd = −0.480 + 0.015Clay + 0.154Fe2O3 Clay, Fe2O3 0.691
Model 9 Kd = 1.449 + 0.098Al2O3 − 0.030SiO2 Al2O3, SiO2 0.634
Model 10 Kd = 2.147 − 0.031SiO2 + 0.019Cu SiO2, Cu 0.628
Model 11 Kd = −0.499 + 0.030CEC + 0.012Clay + 0.021Pb Clay, CEC, Pb 0.764

All 11 models shown in Table 4 were used to predict the Kd values of the 49 sampling
sites. The Kd values obtained in our experiments were plotted against the predicted values.
The results are shown in Figure 3. Herein, the linear fitting between the predicted and
observed Kd values was performed using y = x as a reference [21]. It was observed that
the predicted Kd values were consistent with the corresponding actual values, indicating
that it is feasible to use the calculated values and the ten models to accurately predict the
Kd values.
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3.5. Fourier-Transform Infrared Analysis

Sediment M4 was selected to study the changes in FTIR spectra before and after TC
adsorption on sediments. Figure 4a describes the FTIR spectra of tetracycline. The peaks
of 3612 cm−1 and 3300 cm−1 were assigned to the hydroxyl (O–H) and amine groups [41].
The band at 1664 cm−1 was attributed to Amide I mode of the amide group, and the 1616
and 1579 cm−1 bands were attributed to carbonyl groups (C=O) [42]. Figure 4b shows
the FTIR spectra of sediment M4. Various oxygen-containing functional groups, such as
O-H, amide and C=O groups, showed peaks at 3617 cm−1, 1645 cm−1 and 1423 cm−1,
respectively [21]. Figure 4c shows the FTIR spectra of TC-adsorbed sediment M4 at a pH
of 7.0. Three changes were found after the adsorption of TC onto the sediment. First, a
decrease in relative peak intensity of O–H at 3617 cm−1 was observed. Second, a new peak
at 2970 cm−1 indicated the formation of a complex with TC. Finally, the band of amide
shifted from 1645 cm−1 to a lower frequency of 1618 cm−1, and the C-O band shifted
from 1423 cm−1 to 1410 cm−1, indicating that the oxygen-containing functional groups
participated in hydrogen bonding.
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3.6. Effect of Salinity on TC Adsorption

It is well known that salinity can affect the sorption behavior of organic pollutants
in aquatic systems. Figure 5 shows the Freundlich coefficient Kf of TC for sediments
C6, M14, M4 and M19 at different salinities. As a result, except for C6, the Kf values of
sediments decreased along with the decrease in salinity. It is worth noting that, for the
C6 sample, when the seawater salinity increased from 0 to 6.56‰, Kf decreased first and
then increased. The seawater salinity increased from 6.56 to 32.79‰, whereas Kf decreased
continuously. The reason for this phenomenon may be that C6 sample had a coarse particle
size, most of which was sand, and the initial adsorption capacity was very low. When
the salinity changed slightly, the results did not change much. For other samples, when
the salinity increased by 50% (from 0 to 16.40‰), Kf decreased significantly from 1.28 to
0.35 mg1−nLng−1 for M14 (equivalent to 72.8%), from 1.76 to 0.65 mg1−nLng−1 for M19
(62.9%) and from 3.13 to 1.30 mg1−nLng−1 for M4 (58.6%), revealing that the samples
with strong adsorption capacities were less affected by salinity. Moreover, when salinity
increased 100% (32.79‰), the Kf values all reduced by more than 75%.

This phenomenon can be mainly explained by cation exchange [31]. With the increase
in salinity, the sediment surface is negatively charged because of the homogeneous re-
placement of clay minerals and hydroxyl dehydrogenation, allowing the adsorption of a
large number of hydrated K+ and Na+ ions in seawater. TC sorption by marine sediments
decreased because this antibiotic competed with K+ and Na+ for ion-exchangeable sites.
Furthermore, it was reported that, under high-ionic-strength conditions, hydrophilic in-
teractions between antibiotic molecules may exceed the electrostatic repulsion, favoring
the aggregation of antibiotic molecules [43]. Thus, it can be deduced that, when TC ad-
sorbed particles are transported from rivers to estuary areas where seawater intersects, the
increased salinity causes TC desorption and redissolving.
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4. Conclusions

(a) The TC adsorption capacity was closely related to the physical and chemical properties
of sediments, varying with sediment location. Sediments in the B and M areas
displayed a relatively high adsorption capacity, and sediments in the O area showed
moderate adsorption capacity. In addition, sediments in the C area displayed the
lowest adsorption capacity of the four studied areas.
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(b) The physicochemical properties (CEC, OM, Clay, Cu, Al, Fe and K) of sediments were
positively correlated with Kd and negatively correlated with SiO2, quartz and D50.
Among them, CEC and clay displayed the highest correlation coefficient, indicating
that they play key roles in the adsorption behaviors of TC by these sediments.

(c) The ten Kd models obtained in the present research provided the tools for predicting
the Kd values of contaminants similar in structure to TC by sediments of the Yangtze
River estuary and its adjacent aquatic ecosystems.

(d) The adsorption capacity of TC by estuary and marine sediments decreased as salinity
increased. Because of the low salinity and high adsorption capacity of the sediments,
significant amounts of TC are adsorbed by sediment B in the estuary. Moreover, in the
M area near the coast, TC adsorbed by suspended sediment particles flows into the
seawater. However, most TC is continuously desorbed and released to seawater upon
salinity changes. Therefore, antibiotic risk in the B and M areas needs to be focused.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/w15040671/s1: Table S1: Values of physicochemical parameters of
sediments from various regions of Yangtze River estuary; Table S2: Partition coefficients (Kd) and
adsorption capacities (Qe) for three different initial TC concentrations (5, 10, 15, 20, 25 and 30 mg/L);
Table S3: Comparison of Langmuir adsorption coefficients (Kl), maximum adsorption capacities
(Qm), Freundlich adsorption coefficients (Kf) and characteristic constants (n) of different adsorbents
for TC adsorption.
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