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Abstract Metal cations could enhance the sorption of
tetracyclines but sometimes the effects are negligible. It
is still not clear how these metals produce different
effects. In this study, the sorption of chlortetracycline
(CTC), tetracycline (TC), and oxytetracycline (OTC)
was performed in the presence of Cd (II) to reveal the
unknown mechanisms with two river sediments. It is
found that Cd (II) could enhance the sorption of TCs on
sediment SS, while it is negligible on sediment SY. For
different tetracyclines, the enhancement effect by Cd (II)
was more significant for CTC, while it is inferior for
OTC and TC. Sorption isotherms of Cd (II) under strong
and weak background electrolyte and pH decrease of
sorption solutions indicate specific sorption is major on
SY and cation exchange is significant on SS. Conse-
quently, specific sorption is unfavorable for the en-
hanced sorption of TCs in the presence of Cd (II) be-
cause it is not favorable for the sorption of Cd-TCs by
complexation and cation exchange. By the theoretical
calculations, it is found that the significant enhancement

of CTC is due to the higher electron affinity of Cd-CTC
complex than the others to the surface groups. In con-
clusion, TCs sorption will not be affected by Cd (II) on
sediments or soils with strong specific sorption charac-
ters of Cd (II).
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1 Introduction

Tetracyclines (TCs) are frequently detected in surface
waters due to their tremendous production, usage, and
emission in China and worldwide (Zhang et al. 2015;
Wang et al. 2014). They not only produce eco-toxicity
and broom resistant bacteria but also result in food and
groundwater contamination (Fernández-Calviño et al.
2015; Huang et al. 2015; Xu et al. 2015). The
sorption-desorption of TCs has been well studied on
soils and sediments, which is mainly influenced by the
physicochemical characters of soils/sediments and con-
taminants (Sassman and Lee 2005; Zhao et al. 2012),
such as pH, ionic strength, cation exchange capacity
(CEC), and organic matter content (OMC). Recently,
TCs and highly toxic metals (e.g., cadmium and lead)
are frequently found together in the river sediments and
some contaminated soils (Bu et al. 2013; Chang and Ren
2015; Chen et al. 2015; Meng et al. 2015; Zhu et al.
2013). It has drawn great attention of environment re-
searchers, due to the increasing possibility of interrelat-
ed migration and eco-toxicity.
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Cd (II) is one of the most dangerous toxic metals
and many studies have studied its co-sorption with
TCs on soils and sediments (Wan et al. 2010; Zhao
et al. 2013). However, Cd (II) has different effects
on the sorption of TCs and none of the authors
provided reasons for the different effects on the
two sediments. For instance, it is found that
10 mg/L Cd (II) could enhance the sorption of TC
on a cinnamon soil even in the presence of 112
times excess of Ca (II), which is generally abundant
in soils (Wan et al. 2010). Ca (II) could enhance the
TCs sorption on montmorillonite (Parolo et al.
2012). Both works attribute the sorption mechanism
to the bridging effect between soil particles and TCs.
However, Cd (II) could not enhance the sorption of
TC on a soil named BS (Zhao et al. 2013). The
phenomenon also happens on the co-sorption of
TC with Cu (II) (Zhao et al. 2011; Zhang et al.
2011). However, none of the physicochemical prop-
erties of these soils and sediments can explain the
significant or not significant enhancement effect.
Thus, it is quite meaningful to discover the under-
lying reasons because it would help us to predict the
sorption and migration of TCs as affected by Cd (II).
In terms of TCs, tetracycline (TC) was generally
adopted as the representative of TCs to evaluate
the sorption characters of sediments and soils. How-
ever, such evaluation was incomplete because oxy-
tetracycline (OTC) and chlortetracycline (CTC) are
well proved to behave differently from TC and their
abundance is also similar with TC (Li et al. 2015).
Thus, it is desirable to test their sorption characters
in the presence of Cd (II) on river sediments.

Invoked by the unknown mechanisms and incom-
plete evaluation of TCs, the objectives of this study
were to evaluate the sorption of TCs (TC, OTC, and
CTC) in the presence of Cd (II) accurately and
identify key factors that influence the enhancement
effect of Cd (II) on the sorption of TCs. As a result,
we collected two sediments from rivers in Beijing
(Yongding River and Shahe River) and batch sorp-
tion studies were performed. By potentiometric ti-
trations and quantum chemical calculations, the in-
teractions were studied between Cd (II) and TCs. By
the analysis of sediment properties and the evalua-
tion of specific sorption and cation exchange sorp-
tion of sediments, the key factors were proposed to
explain the different effects of Cd (II) on the sorp-
tion of TCs.

2 Material and Methods

2.1 Materials and Reagents

Tetracycline (TC, Det.purity 98.0 %), oxytetracycline
(OTC, Det.purity 97.5 %), and chlortetracycline (CTC,
Det.purity 92.0 %) were purchased from Dr.
Ehrenstorfer, Germany. Citric acid monohydrate
(99.8 %) and cadmium dinitrate (Cd (NO3)2 · 4H2O,
99 %) were from Aladdin, China. Other analytical re-
agents were from Sinopharm Chemical Reagent. Ultra-
pure water was made in our lab (Aquapro International,
USA).

2.2 Sediment Sampling and Properties

Two sediments were sampled from rivers in Beijing.
One is from Shahe River in Changping District and
denoted as SS. The other is from Yongding River in
Fengtai District and denoted as SY. All samples were
air-dried and then gently ground to pass through a 60-
mesh sieve, and stored at room temperature for further
applications.

The contents of mercury and arsenic were measured
with atomic fluorescence spectrometry (AFS-933,
Beijing Titan instruments) and the other metals were
measured with ICP-Mass (Agilent 7700E). Sediment
pH was measured with a pH electrode (Inlab science
Pro, Mettler Toledo) according to National Standards of
China (NY/T 1121.2-2006). Organic matter content was
measured with potassium dichromate oxidation spectro-
photometric method (HJ 615–2011). The characteristics
of the river sediment samples are listed in Table 1.

2.3 Potentiometric Titration of TCs with Cd (II)

The interactions of Cd (II) with TCs (TC, OTC, and
CTC) were studied by potentiometric titrations that were
carried out using a potentiometric titrator (SE700,
Mettler-Toledo, Switzerland). The binary system solu-
tion was titrated to pH 3 using 1 % HNO3. The 0.2 mM
TCs were then slowly titrated to pH 9 using NaOH.
Three concentrations of NaOH (0.100, 0.0200, and
0.00500 M) were used to make sure the titration points
distribute uniformly in the studied pH range.

The experiment was carried out at 20 ± 1 °C. The
equilibrium was defined as a potential drift <0.03 mV
per 8 s. During the titrations, the titrated solutionwas put
in a polyethylene beaker and the pH was measured in
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real time with a Mettler-Toledo Inlab® Science Pro
composite electrode. All the titrations were carried out
with 0.01 M NaNO3 as background electrolyte and the
precipitation of metal ions was not observed in the
examined pH range.

2.4 Cd (II) Sorption on Two Sediments

25.0 mL Cd (II) solution containing 0.01 M NaNO3 or
1 M NaNO3 was added to each triangular flask contain-
ing 0.500 g sediment, with Cd (II) concentrations about
3.0, 5.0, 10.0, 15.0, and 20.0 mg/L. A control for each
concentration was also made to calculate the amount of
Cd (II) adsorbed. The control contained Cd (II) in 25mL
of NaNO3 solution without sediments. Thus, the sam-
ples were shaken for 24 h at 25 °C, centrifuged at
3500 rpm for 5 min, and then filtered through a
0.45-μm syringe filter (PES, 13 mm, Bojin). The pH
of supernatants were measured and then acidified with
50 μL HNO3 (65 wt.%) for analysis. The content of Cd
(II) in the supernatant was determined by the
PerkinElmer PinAAcle 900T atomic absorbance spec-
trometer. All experiments were carried out two times
and the mean value was presented.

2.5 TCs Sorption in the Presence and Absence of Cd (II)

In each polystyrene triangular flask, 0.500 g sediment
and 25.0 mL antibiotic solution were mixed and kept at
25 °C in a thermostat shaker (DLHR-Q200) with a
speed of 150 rpm. 0.01 M NaNO3 was used as back-
ground electrolyte in all experiments. The solution con-
tains 3, 5, 10, 15, and 20mg/L antibiotic and 0 or 10mg/
L Cd (II) for TCs sorption in the absence and presence
of Cd (II), respectively. In the absence of Cd (II), the
sorption solution pH is about 8.1 and 8.0 for SS and SY;
in the presence of Cd (II), the sorption solution pH is 7.9
and 7.5. A preliminary sorption experiment indicates

that 24 h was enough to attain sorption equilibrium.
Thus, the samples were continuously shaken for 24 h
(Teixidó et al. 2012; Pils and Laird 2007). Control
solutions were treated the same way as above to elimi-
nate the adsorption of containers. After sorption, the
adsorption solutions were centrifuged at a speed of
3500 r/min for 5 min. The supernatants were collected
and filtered through 0.22 μm filter and stabilized with
3 M HNO3 (50 μL) for HPLC analysis.

2.6 Determination of TCs

TCs in the supernatants were analyzed by high perfor-
mance liquid chromatography (Agilent 1260). The col-
umn was Zorbax Eclipse-C18 reverse phase column
(4.6 mm× 250 mm, 5 μm). Mobile phase A consisted
of 0.01 M citric acid and 50 μM EDTA, B was acetoni-
trile, and C was methanol. Isocratic elution (72 % A,
20 % B and 8 % C) was performed with a flow rate of
0.8 mL/min. TCs were monitored at 365 nm with a
variable wavelength detector (UV). The injection vol-
ume was 10 μL. In order to test free TCs accurately in
supernatants accurately, the LODwere measured and all
experiment points were designed to keep real TCs con-
centrations above the quantitative LOD (Table S1).

2.7 Theoretical Calculations

The theoretical calculations were performed in Beijing
Institute of Technology. For convenience, Cd-TC, Cd-
OTC, and Cd-CTCwere defined as the complexes of Cd

(II) with TCs2�. B3LYP method was used for configu-
ration optimization and frequency analysis of com-
plexes. LanL2DZ and 3-21 g were applied for Cd (II)
and other non-metal elements, respectively (Zhao et al.
2013; Scalmani and Frisch 2010). Solvent effect has
been considered in all optimizations by using a PCM
model with water as solvent. Connolly molecular area

Table 1 Selected physicochemical characteristics of sediments used in the study

Sediment pH CECa

cmol/kg
OMCb

g/kg
Metal and metal oxide, mg/kg

Pb Cd Cu Hg Cr As MnO2 Fe2O3 Al2O3

SS 8.24 7.00 16.3 22.7 0.207 17.7 0.033 52.9 3.90 7.33 × 102 4.61 × 104 8.84 × 104

SY 8.17 5.02 26.5 22.2 0.181 20.5 0.493 60.5 4.69 7.91 × 102 5.06 × 104 1.32 × 105

a Cation exchange capacity
b Organic matter content
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(CAA) and Connolly solvent excluded volume (CSV)
were calculated by Chem3D after structure optimization
with water as probe. Primary configurations of TC,
OTC, and CTC were adopted from European Pharma-
copoeia (Fifth Edition). However, the conformation was
unclear for the amide group Fig. S1 (A) and (B). After
comparison, structure (A) is found to have lower energy
and further calculations were based on structure (A).

3 Results and Discussion

3.1 Sorption Isotherms of TCs in the Presence
and Absence of Cd (II)

Centrifuge tubes were generally used to evaluate
TCs sorption on soils and sediments in order to
minimize handling and transfer errors (Wan et al.
2010; Sassman and Lee 2005; Jia et al. 2008; Zhang
et al. 2011). However, it is found that sediments
accumulated at the bottom immediately even agitat-
ed strongly in our thermostat shaker (Fig. S2). As
underestimation of TCs’ sorption may occur, TCs
sorption was measured with both centrifuge tubes
and triangular flasks as containers. It is found that
the amount of TC adsorbed is dramatically higher in
triangular flasks than that in centrifuge tubes
(Fig. S3). Meanwhile, the error bars of TC adsorbed
with triangular flasks as container are smaller than
those with centrifuge tubes. In the triangular flasks,
both sediments are homogeneously dispersed in the
sorption solution. This indicates that the incomplete
sorption of TC was due to the inhomogeneous agi-
tation of the sorption solution and deposition of
sediments. One possibility to overcome this problem
is to use triangular flasks as containers instead of
centrifuge tubes and in the following experiment
triangular flasks were used for convenience.

Sediment properties were also obtained to avoid
the background interference to the sorption of TCs
and Cd (II) (Table 1). All of the sediment properties,
including pH, CEC, OM, metal, and metal oxide
contents, would affect the sorption of TCs and Cd
(II). Large contents of metals would interfere with
the sorption of TCs and Cd (II). Therefore, typical
heavy metals were also measured (Table 1). All of
the metals (Pb, Cd, Cu, and Hg) and their total
amount (∼0.1 g/kg) are much less than Cd (II)
(20 g/kg) added in the experiment. Therefore, they

will not interfere with the evaluation of sorption of
Cd (II) and TCs. The background level of TCs was
also determined in the two sediments. In the test,
25 mL 0.01 M NaNO3 was added to each triangular
flask containing 0.500 g sediment and shaken for
24 h. The supernatants were measured and no TCs
could be detected in either SY or SS under current
method. After all of these studies, adsorption iso-
therms were obtained for TC, CTC, and OTC on
sediments (SS and SY) with 10 mg/L and without
Cd (II) (Fig. 1).

In the absence of Cd (II), the quantity of TCs
adsorbed on the two sediments follows the order of
CTC > TC > OTC, which is consistent with a very
early work (Sassman and Lee 2005). In the presence
of Cd (II), the quantity of TCs adsorbed also follows
the same order. Meanwhile, enhanced sorption of
TCs were found on sediment SS, while the enhance-
ment effect is negligible on sediment SY. The sorp-
tion isotherms of TCs were fitted with Freundlich
model and the fitting parameters were listed in
Table S2. Clearly, the Kf on SS and the Kf on SY
are almost the same with each other for the same
antibiotic in the absence of Cd (II), while the intro-
duction of Cd (II) makes a difference between the
two values. Generally, the higher CEC of SS indi-
cates higher sorption of TCs than SY. This is prob-
ably due to the factors other than CEC. In order to
quantify the enhancement effect of Cd (II) on the
sorption of TCs, the enhancement factor (EF) was
defined as the ratio of the Freundlich adsorption
coefficient (Kf) in the presence of Cd (II) to that in
the absence of Cd (II). Clearly, for the EF values on
SS, CTC > TC > OTC. The sorption difference must
be determined by molecular properties of TCs on the
same sorbent.

3.2 The Origin of Sorption Differences of TCs

The sorption differences of TC, OTC, and CTC are
observed by several groups, though they have sim-
ilar structure, pKa, and solubility. It is reported that
the steric hindrance between hydroxyl group at C5
and protonated dimethyl amino group makes the
sorption of OTC smaller than TC (Avisar et al.
2010). However, hydroxyl group does not exist in
CTC and TC at C5, but the sorption of CTC is
greater than TC. Steric hindrance, therefore, cannot
be used to explain the higher sorption of CTC than
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TC. In one of our previous studies, we calculated
molecular polarities of CTC, OTC, and TC and
found that steric hindrance and molecular polarity
together determine the sorption of TCs on sediments
(Li et al. 2015).

Potentiometric titration was performed for TC,
OTC, and CTC with Cd (II) to study the interaction
between Cd (II) and TCs. The titration curves of
TCs with and without Cd (II) are shown in Fig. 2
and the molar ratio of TCs with Cd (II) is one. In the
absence of Cd (II), no turbidity or precipitation was
observed among the pH range. However, in the
presence of Cd (II), once the pH is approaching
8.0, significant turbidity appeared for the CTC solu-
tion. It is reported CTC is particularly prone to
undergo isomerization by the bond cleavage at

C11-C11a under alkali conditions (Waller et al.
1952). The turbidity is probably due to the precipi-
tation of Cd (II) with isochlorotetracycline. Because
the complexation process of Cd (II) with TCs is
accompanied by the replacement of H+, leading to
a decrease of the solution pH, the titration curves
showed that Cd-TCs binary systems needed more
NaOH than TCs alone to obtain the same solution
pH value. The order of NaOH amount to obtain the
same pH is CTC > OTC > TC and the NaOH amount
is almost the same for Cd-TC, Cd-OTC, and Cd-
CTC (Fig. 2). All results indicate that Cd (II) could
complex with all TCs in our experiment.

The complexation was also modeled with quantum
chemical calculations to discover the sorption differ-
ences of TCs. Before the calculations, the major species
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and preferred conformations and configurations were
determined for TCs. It is reported that the major ratios
are usually 1:1 and 1:2 for Cd (II) to TC (Jezowska-
Bojczuk et al. 1993; Ghandour et al. 1992). However,
the latter mode would weaken the sorption of TCs
because cation exchange sites were buried in the com-
plexes. Therefore, only the 1:1 binding mode is consid-
ered for the sorption of Cd (II) and TCs.

For the dissociation state, the titration results
indicated that only TCs2 ‐ could complex with Cd
(II) when the pH is over 7.0 (Ghandour et al. 1992;
Zhao et al. 2013). The solution pH is larger than 7.5
in our experiment. Consequently, the following
modeling is focus on complexes between TCs2 ‐

and Cd (II). For the conformation of TCs, it is well
proved that TC could either adopt an extended con-
f o rma t i o n ( c o n f o rma t i o n A ) , wh e r e t h e
dimethylamino group lies below the plane spanned
by the BCD ring system, or a twisted conformation
(conformation B), where the dimethylamino group
lies above the BCD ring system in order to relieve
the steric crowding between N4 and O12a Gulbis
and Everett (1976). Therefore, TCs mainly adopt
conformation A in our experiment.

In terms of binding sites, the exact binding site has
not been reported for TC, OTC, and CTC with Cd (II) in
the sorption state. It is well accepted that O11-O12, O2-
O3, and N4-O12a could be donor sites for TCs in
conformation A (Ghandour et al. 1992; Jezowska-
Bojczuk et al. 1993). N4-O3 was also reported to be
the major binding site for Mg (II)-TC complex in con-
formation B at basic solutions (Wessels et al. 1998). (1),
(2), (3), and (4) are used to stand for the four binding

sites above, respectively. The ΔG was calculated to
identify the preferred binding site and conformation
(Eqs. 1 and 2).

ΔG1 ¼ Gi‐G 1ð Þ ð1Þ
ΔG2 ¼ Gi‐G j‐GCd2þ ð2Þ

Where, i is from (1) to (4), Gj is the Gibbs free energy
of TC, OTC or CTC, respectively andGCd2þ is the Gibbs
free energy of Cd (II).

The dipole moment (DM), Connolly molecular area
(CMA) and Connolly solvent excluded volume (CSV),
and ELUMO were also calculated. Because it is very hard
to calculate the Gibbs free energy of surface reactions, −
ELUMO was obtained from the optimized structures,
which could reflect the electron affinity of complexes
to the surface groups on sediments. The Gibbs free
energy and complex properties are summarized in
Table 2.

Comparing ΔG1 of different complex, the complex
has the lowest Gibbs free energy change when Cd (II)
binds TCs at O2-O3 site. Therefore, it can be predicted
that the bridging of Cd (II) happens at O2-O3 for the
sorption TCs on sediments. This is different from sev-
eral works, in which O11-O12 is proved to be the
binding site (Jezowska-Bojczuk et al. 1993; Wessels
et al. 1998). It is probably because most of these com-
plexes are in the form of 1:2 (metal:ligand) and the
conjugated BCD ring could stabilize the complexes by
binding at O11-O12 in solution. Except for Cd-OTC, all
Cd-TCs complexes have the negative Gibbs free energy
change, indicating the strong complexation between Cd
(II) and TCs. This is coincident with results from poten-
tiometric titrations.

After the prediction of binding site, the other proper-
ties were compared. ΔG2 of Cd-CTC is comparable
with Cd-TC but lower than Cd-OTC; CMA, CSV and
− ELUMO of Cd-CTC is larger than Cd-OTC and Cd-TC.
The larger electron affinity of Cd-CTC could be used to
explain the significant enhanced sorption of CTC on SS.
However, further studies are needed to know whether
the larger CMA and CSVof Cd-CTC contribute to the
enhancement effect.

3.3 The Mechanism of TCs Sorption in the Presence
of Cd (II)

In the presence of Cd (II), the sorption is significantly
enhanced for TCs on SS, which is also observed on a
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cinnamon soil (Wan et al. 2010). For sediment SY, the
enhancement is not significant, which is similar with a
black soil (Zhao et al. 2013). Obviously, the enhance-
ment effect could be either significant or negligible,
depending on different sediments and soils. However,
any physicochemical properties cannot be used to ex-
plain the significant or not significant enhancement
effect confidently.

In theory, the more free Cd (II) in solution or Cd (II)
adsorbed would be favorable for the sorption of TCs
because it is favorable for the bridging effect of Cd (II)
between sediments and TCs (Jia et al. 2008; Zhang et al.
2011). If the free Cd (II) is more in the sorption solution
of SY, then it could explain why the enhancement effect
was negligible. Consequently, free Cd (II) and Cd (II)
adsorbed were monitored in sorption process with dif-
ferent initial TCs in the presence of 10 mg/L Cd (II)
(Table 3). Unexpectedly, the Cd (II) adsorbed on SS is
more than those on SY. Therefore, the sorption mecha-
nisms of Cd (II) and sediment properties were further
investigated.

For Cd (II), the sorption mechanisms include cation
exchange (Fig. 3e) and specific sorption (or chemisorp-
tion, Fig. 3d) (Schindler et al. 1976). Cation exchange
happens in the diffusion layer, while specific adsorption
happens in the Stern layer of sediment-water interface.
In theory, only cation exchange sorption of Cd (II) is
favorable for the complexation (Fig. 3b) and sorption of

Cd-TCs complexes (Fig. 3c). The difference of sorption
mechanisms may explain the different effects of Cd (II)
on the sorption of TCs on sediment SS and SY.

The physicochemical properties of SS and SY were
compared to evaluate the above hypothesis. As is shown
in Table 1, cation exchange capacity (CEC) is higher in
SS than in SY, while organic matter content (OMC) is
opposite. Clearly, the CEC data supports the above
hypothesis. OMC cannot be correlated with cation ex-
change or specific sorption directly. Because organic
matter contains negative carboxylic groups, phenolic
group, hydroxyl groups, etc. Some of them are favor
for cation exchange sorption and some of them are
favorable for specific sorption. For the content of metal
oxide, it is well proved that specific adsorption is posi-
tively correlated with oxides of ferrum, manganese
(Phillips 1999), and aluminum when pH >7.0 on sedi-
ments and soils (Floroiu et al. 2001). While the content
of MnO2, Fe2O3, and Al2O3 of SY is higher than that of
SS (Table 1). In general, more physicochemical proper-
ties support that specific sorption of Cd (II) is predom-
inant on SYand minor in SS but direct evidence must be
provided. In the paragraphs ahead, the specific sorption
and cation exchange properties of Cd (II) were evaluated
on both SS and SY.

It is reported that the specific sorption of Cd (II)
could be negligible when the background electrolyte is
more than 1 M (Zou et al. 2012). Accordingly, the

Table 2 Gibbs free energy and properties of Cd-TCs complexes

Complex Binding site ΔG1 ΔG2 ‐ ELUMO DMa CMAb CSVc

(kJ/mol) (kJ/mol) (a.u.) (debye) (Å2) (cm3/mol)

Cd-TC (1) 0 −191 0.0696 31.9 377 397

(2) −8.54 −200 0.0607 53.5 373 394

(3) 17.8 −174 0.0625 33.8 364 397

(4) 40.8 −151 0.0644 40.7 363 391

Cd-CTC (1) 0 −184 0.0761 31.8 389 413

(2) −13.1 −197 0.0613 53.0 387 411

(3) 3.34 −181 0.0639 34.9 379 416

(4) 31.4 −153 0.0616 39.2 376 410

Cd-OTC (1) 0 −183 0.0709 33.8 380 406

(2) −5.71 −189 0.0607 51.4 376 404

(3) 34.4 −149 0.0642 32.4 367 404

(4) 476 293 0.171 10.7 367 401

aDipole moment
b Connolly molecular area
c Connolly solvent excluded volume
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sorption isotherms of Cd (II) were measured on SS and
SY with both 0.01 M and 1 M NaNO3 as background
electrolyte (Fig. 4). The solution pH was also measured
(insets of Fig. 4).

Obviously, the sorption of Cd (II) on SY is stronger
than on SS in the presence of 0.01 M NaNO3. Once we
use 1 M NaNO3 to mask cation exchange effect, the
sorption of Cd (II) on SS significantly decreased while
the sorption change is nearly negligible on SY. As for
the pH, deceases were observed in all cases (insets of
Fig. 4), which proves the release of protons due to the
reactions Cd (II) with the hydroxyl groups on sediments.

Generally, the pH drop would increase the TCs sorption
(Li et al. 2011; Yanping Zhao et al. 2011; Parolo et al.
2012). However, the enhancement effect was not signif-
icant for SY. At this moment, it is concluded that the
cation exchange, relating with OM content and CEC, is
favorable for the enhanced sorption of TCs in the pres-
ence of Cd (II) on sediments; while, specific adsorption,
relating with MnO2, Fe2O3, and Al2O3 content, is unfa-
vorable for the bridging effect of Cd (II) and thus no
significant enhancement on the sorption of TCs. This
conclusion can also be used to explain the different
effects of Cu (II) on two soils (Jia et al. 2008).

Table 3 Cd (II) in solution and Cd (II) adsorbed in the presence of TCs

Sediment Initial TCs, mg/L Cd (II) in solution, mg/L Cd (II) adsorbed, mg/kg

OTC TC CTC OTC TC CTC

SS 3 0.268 0.396 0.406 487 480 480

5 0.204 0.425 0.403 490 479 480

10 0.417 0.402 0.402 479 480 480

15 0.442 0.366 0.400 478 482 480

20 0.455 0.404 0.431 477 480 478

SY 3 0.256 0.214 0.226 487 489 489

5 0.258 0.194 0.229 487 490 489

10 0.233 0.259 0.236 488 487 488

15 0.265 0.207 0.247 487 490 488

20 0.254 0.184 0.241 477 491 488

(a)

(b) (d)

(c) (e)

Fig. 3 Sorption mechanisms of TCs, Cd (II), and complexes on sediments
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4 Conclusions

Many studies have focused on the evaluation of Cd-TC
combined contamination with sorption methods. How-
ever, TC cannot be the representative of TCs as the quite
different physical and chemical properties. It is neces-
sary to evaluate the combined sorption of Cd and other
TCs, such as CTC and OTC. Meanwhile, it is still not
clear that how cadmium and complex properties of Cd-
TCs will affect the sorption of TCs on sediments.

With two river sediments, batch sorption studies were
carried out to discuss the effect of Cd (II) on the sorption
of TCs. By comparing the sorption isotherms, it is found
that centrifuge tubes may underestimate the sorption
amount and the experiments should be designed and
performed carefully. By potentiometric titrations and
calculations, Cd (II) is proved to form complexes with
all TCs and it is predicted that the bridging effect of Cd
(II) mainly via O2-O3 groups for the sorption of TCs on
sediments. Among the TCs investigated, Cd (II) could

significantly enhance the sorption of CTC on sediment
SS, which is due to the higher electron affinity of Cd-
CTC to the sediment surface than the other complexes.
Meanwhile, it is found that Cd (II) could significantly
enhance the sorption of TCs on sediment SS while it is
negligible on sediment SY. By the analysis of sediment
properties and evaluating the specific and cation ex-
change sorption of Cd (II) on both sediments, it is found
that sediment SY are rich in MnO2, Fe2O3, and Al2O3,
which would make SYadsorb Cd (II) via the mechanism
of specific adsorption and thus diminished the bridging
effect of Cd (II). In contrast, the higher CEC make the
cation exchange sorption of Cd (II) more significant on
SS, which is favorable for the enhanced sorption of TCs.
In view of pollution prevention and control, it is neces-
sary to pay close attention to the combined contamina-
tion of Cd (II) and TCs and especially those sediments
or soils with strong specific sorption characters.
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