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a b s t r a c t

The experimental results proved that a liquid and commercial chelating agent (DTCR) with dith-
iocarbamate (DTC) groups could be used to further remove toxic metal ions from the simulated 
metallic mine wastewater with trace amount of mixed metal ions. Under the optimized operating 
conditions, just a little dosage of DTCR (the volume ratio of DTCR to wastewater about 1:104) could 
make the removal rate of Cr3+, Cu2+, Pb2+, Zn2+ and Cd2+ in the treated water reach 99.70%, 99.28%, 
99.10%, 92.33% and 91.49%, respectively. The residual content of the five ions were 0.003, 0.036, 0.009, 
0.383 and 0.085 mg/L, which were all obviously lower than the contents required in the emission 
standard except of Zn2+ and Cd2+. The removal ability followed the order of Cr3+> Cu2+> Pb2+> Zn2+> 
Cd2+. The characterization revealed that the major functional groups in DTCR were DTC groups 
(-NCS2) and amino groups (-NH-, -NH2 or -NR2) which were not on DTC groups. The removal mech-
anisms of these functional groups were investigated by the combination of experimental methods 
and density functional theory (DFT) calculation, which demonstrated that all the five metal ions 
could be captured by the metal-ligand bonds between ions and C=S/C-S on DTC groups. But Cr3+, 
Cu2+ and Pb2+ could be further captured by the electron donation of N atom on -NH2 and -NH- which 
were not on DTC groups. Moreover, Cr3+ could be further adsorbed by the secondary N atom on DTC 
group. The relation between the functional groups and metal ions could be calculated quantitatively 
based on the removal mechanisms. It could well explain the removal ability of DTCR for different 
metal ions and provide a scientific guideline for the further modification of chelating agent with DTC 
groups to improve its removal efficiency for Zn2+ and Cd2+ in the depth treatment of wastewater with 
trace amount of mixed toxic metal ions.
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1. Introduction

Poyang Lake regarded as the largest freshwater lake in 
China, has a significant value of ecology and economy [1]. 
However, there are many metallic mines in its valley, such 
as copper mine in Dexing, lead-zinc ore in Qianshan, non-
ferrous metal ore in Raohe basin and so on. Although most 
of these mine effluents are in line with the national emis-

sion standard defined at the 1990’s [2], there are still some 
toxic metal ions in effluents, since the standard can not keep 
up with the present demand of environmental protection. 
The spare and toxic metal ions will be enriched to degrade 
the water quality of Poyang Lake. Therefore, a deep treat-
ment is urgently required to further reduce toxic metal ions 
amount in effluents before discharging.

Various methods such as membrane separation [3], ion 
exchange [4–6], chemical precipitation [7] and adsorption 
[8–11] have been employed to remove toxic metal ions from 
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industrial effluents. But adsorption technique was recog-
nized as one of the most effective method for removing 
toxic metal ions among these technologies due to the sig-
nificant advantages including high removal efficiency, sim-
plicity and low cost. Moreover, chelating agents as a kind 
of adsorption techniques have been developed, which can 
remove metal contaminants from trace amount cases by 
strong chelating ability and excellent suitability for large-
scale wastewater treatment [12–14]. 

The present chelating agents can be classified into small 
molecule and polymers. The former mainly includes ami-
no-carboxyl and dithiocarbamates (DTC) groups [15,16], 
and the latter can be divided into water-soluble and 
water-insoluble chelating resins [17,18]. The researches 
proved that both of water-soluble and water-insoluble che-
lating resins containing DTC groups had strong binding 
capacity for many toxic metal ions in the treatment of elec-
troplating effluent or smelting wastewater [19–21]. Consid-
ered as a low-cost and environmentally-friendly technique, 
it will have the potential to overcome the limitations of 
other removal strategies. However, there are rare reports 
about the performance of chelating agents in the treatment 
of metallic mine wastewater with trace amount of mixed 
metal ions. Most of studies on removal mechanisms are car-
ried out by experiment characterizations [12–21], while the 
theoretical calculation is rarely used. Using the method of 
density functional theory (DFT) calculation will provide an 
insight into the removal nature of a chelating agent for var-
ious metal ions, since it allows the possibility of modeling 
the meal complexes and can provide the information about 
the structure and energy [22,23]. So the theoretical calcula-
tion can overcome the problems connected with experimen-
tal tools and be considered as an important supplement to 
the experimental investigation. 

Therefore, the objectives of this paper were: 1) DTCR as a 
kind of water-soluble chelating resin with DTC groups and 
a commercial chelating agent with low price, was selected 
to evaluate its removal performance for mixed toxic metal 
ions in simulated mine wastewater under a variety of oper-
ating conditions; 2) to clarify the major functional structures 
of DTCR as well as its removal mechanism for different 
metal ions by the combination of experimental method and 
theoretical calculation. The results will be beneficial to the 
further improvement and application of the chelating agent 
with DTC groups in the depth treatment of metallic mine 
wastewater in Poyang Lake valley.  

2. Material and methods

2.1. Materials, reagents and solutions

The chelating agent investigated in the experiment is 
DTCR, which is a kind of polymer and water-soluble che-
lating resin with low price and purchased from Futianbao 
Environmental Protection Technology Co., Ltd, Shanxi 
Province, PR China. This agent can be dissolved completely 
in the aqueous solution over a wide range of pH 4–10, 
and its molecular mass and density was 341.3 g⋅mol–1 and 
1.23 g⋅cm–3 (25°C), respectively. If the initial concentration 
of metal ions was quite low in the waste water, the agent 
would be best to be diluted by deionized water before the 
usage. 

The published reference [1] and the content analysis in 
our original experiments demonstrated that there are five 
kinds of toxic metal ions (Cu2+, Zn2+, Pb2+, Cd2+ and Cr3+) 
with higher concentration in the samples collected from the 
inlets of metallic mine wastewater in Poyang Lake valley. 
Considering that the wastewater has been treated before the 
emission, the trace amount of the five ions in our tests was 
selected according to their maximum allowable emission 
concentration (Table 1). So the initial concentration of Cu2+, 
Zn2+, Pb2+, Cd2+ and Cr3+ in the mixed solution was set to 5, 
5, 1, 1 and 1 mg⋅L−1, respectively.

To gain the experimental maximum removal amount 
of DTCR for the five metal ions at room temperature, the 
removal equilibrium experiments were performed under 
the optimized operating conditions of DTCR, and there was 
only one kind of metal ion in the aqueous phase. To reach 
the removal equilibrium fully and quickly, the initial con-
centration of the single ion was selected to 50 mgL–1.

The stock solutions (1000 mgL–1) used in the experi-
ments were prepared by dissolving appropriate amounts of 
nitrate salts of Cu2+, Zn2+, Pb2+, Cd2+ and Cr3+ in deionized 
water. The working solutions were prepared by diluting the 
stock solutions. The chemicals and regents supplied by Sig-
ma-Aldrich were all analytical grades and used without any 
further purification. Adjustment of pH was accomplished 
by using 0.1 mol⋅ L−1 NaOH and HNO3. Distilled water was 
used throughout this work.

2.2. Chelating performance tests of DTCR

Static experiments were employed to determine the 
removal performance of DTCR. The tests were carried out 
by shaking 150 mL of simulated solution with a desired pH 
into a conical flask. Then a certain amount of DTCR was 
added and the resulting suspension was instantly stirred 
at 400 rpm under the setting temperature. Subsequently, 
the samples were taken at predetermined time intervals 
and centrifuged at 4000 rpm for 2 min. The concentration 
of residual heavy metals in the supernatant was analyzed. 
Moreover, the suspended sediment in the treated samples, 
namely the chelating product of DTCR, was collected by the 
centrifugation and dried into powder to be used in the fol-
lowing structural characterization.

The removal efficiency of every metal ion was determined 
by using the following Eq. (1), where Ci, M and Cf, M (mg·L−1) 
represent the initial and final concentrations of metal ion M 
in the aqueous phase, respectively, and M represents Cu2+, 
Zn2+, Pb2+, Cd2+ and Cr3+, respectively.

Table 1 
Part of emission concentration of toxic metal ions in national 
integrated wastewater discharge standard in China [2]

Toxic metal ions Maximum allowable emission 
concentration (mg/L)

Cu2+ 1.0
Zn2+ 5.0
Pb2+ 1.0
Cd2+ 0.1
Cr3+ 1.0
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Removal efficiency M (%) = (Ci, M − Cf, M) × 100%/Ci, M (1)

The maximum removal amount of every metal ion on 
DTCR was calculated by Eq. (2), where Qe, M (mmol·g−1) is 
the removal amount of metal ion M on per unit mass of 
DTCR after the equilibrium, C0, M and Ce, M (mmol·L−1) rep-
resents the initial and equilibrium concentrations of metal 
ion M in the aqueous phase, respectively. V (L) is the vol-
ume of aqueous phase, W (g) is the dry weight of the chelat-
ing agent used in the test, and M represents Cu2+, Zn2+, Pb2+, 
Cd2+ and Cr3+, respectively.

Qe, M = (C0, M − Ce, M) × V/W (2)

It should be noted that the chelating agent DTCR utilized 
in this part should be diluted 100 times by volume before 
the application, since the initial content of every investigated 
metal ion was trace amount in the investigated systems. 

2.3. Characterization and instrumentation 

An inductively coupled plasma atomic emission spec-
trometry (ICP-AES, Optima-2100DV, and Perkin Elmer of US) 
was used to measure the concentrations of metal ions. The 
detection limits of this equipment for metal ion concentration 
are lower than 0.001 mg·L−1 and it can detect multiple metal 
ions simultaneously. The pH measurements were performed 
by using a pH meter (PHS-3C, Shanghai Precision Instrument 
Factory, China) equipped with a combined pH electrode.

The aqueous solution of DTCR (volume fraction 1‰) 
was prepared and scanned at 220–420 nm with an ultravio-
let spectrophotometer (UR, TU-1901, Beijing Purkinje Gen-
eral Instrument Co., Ltd. China) for the initial confirmation 
of the functional groups. Moreover, the dried samples of 
DTCR and its chelating products with the single metal ion 
were grinded into fine powder to press into tablets with KBr. 
The spectra of the tablets were scanned at 4000–400 cm–1 
with a Fourier transform infrared spectrometer (FT-IR, 
Nicolet 6700, Thermo Nicolet of US). The data were ana-
lyzed to determine the functional groups and their chemical 
shifts before and after adsorbing different single metal ion. 
Elemental analysis was carried out by TCH600 Nitrogen/
Oxygen/Hydrogen Determinator and SC600 Carbon/Sul-
fur Determinator (LECO Co., USA). The surface chemical 
compositions as well as the surface morphologies of DTCR 
before and after adsorbing metal ions were analyzed by 
X-ray Photoelectron Spectrometer (XPS, ESCALAB 250Xi, 
Thermo Fisher Scientific of UK) and Scanning Electron 
microscope (SEM, Quanta200F, FEI Co., USA), respectively. 
The computer deconvolution was applied to detect the ele-
mental peaks of N, S and metal ions present in samples.

2.4. Computational details for removal mechanism study

Density functional theory (DFT) has been proved to 
be computationally efficient for providing valuable infor-
mation about the removal mechanism of metal ions on 
adsorption materials. It can be used to evaluate the degree 
of distortion and interaction between metal ions and func-
tional groups of the chelating agent. Moreover, the bind-
ing energy of the metal ion on different functional group 

could be calculated to further compare the difference in the 
removal mechanism of different metal ion on DTCR. So all 
the quantum chemical calculations in this work were based 
on DFT and carried out by using the Gaussian 03 suit of 
programs [24]. 

Geometries of DTCR model and its metal complexes 
were all fully optimized by DFT method with the B3LYP 
hybrid density functional theory. The C, N, S and H atoms 
used the basis set of 6-311++G(2df, 2p), while the metal 
ions were depicted by LANL2DZ which is a kind of pseu-
dopotential basis set to calculate transition-metal ligands 
credibly [23,25,26]. All the possible geometries were fully 
optimized without any symmetry constraints. The ultrafine 
integration grid was used to ensure the convergence of cal-
culation. Additionally, vibration frequencies were calculated 
at the same level of optimization to identify the nature of 
stationary points and obtain zero-point-energy (ZPE) correc-
tions. The related energies were all obtained by single point 
energy calculations at the level of B3LYP/6-311++G(2df, 2p) 
(LANL2DZ for metal ions), and the solvent effect of water 
was also estimated by the polarizable continuum model to 
add the further relevance to the removal process [27].

3. Results and discussion

3.1. Removal performance of DTCR in metallic mine wastewater 

3.1.1. Effect of DTCR dosage 

The effect of DTCR dosage on the removal in mixed 
solutions was studied at room temperature (25°C) with 
150 mL mixed metal ions solution (original pH ≈ 5.5) and 
the interaction time was 20 min. The initial concentration 
of every metal ion was consistent with Section 2.1. The rela-
tion between the removal efficiency of every metal ion and 
the amount of DTCR dilution is shown in Fig. 1. The opti-
mum dosage range for the removal of the five metal ions in 
150 mL mixed solution was 1.4–1.6 mL of DTCR dilution. 
The data in Fig. 1 also indicate that the removal rate of the 
five metals was not always increased with the increase in 
DTCR dosage. All the removal rates would be decreased 
obviously when the excessive amount of DTCR was added. 
This might be caused by the good solubility of DTCR. The 
excess agent could dissolve some of the chelating products, 
which would make the residual amount of metal ions in the 
treated water increase. Furthermore, there existed a com-
petitive adsorption between the five ions in the mixed solu-
tion for the functional groups of DTCR, when the dosage 
of the chelating agent was not enough (for example 0.6–0.8 
mL). The competition among the five ions for the func-
tional groups of DTCR followed the order of Cr3+>Cu2+>P-
b2+>Zn2+>Cd2+.

3.1.2. Effect of initial pH 

To gain the effect of initial pH value on the removal effi-
ciency, the dosage of DTCR was the optimized in Section 
3.1.1, and the pH value of mixed solution was varied from 
3 to 11, while other experimental conditions were kept con-
stant. The effect of initial pH value on the removal rates of 
different metal ions in the mixed solution is presented in 
Fig. 2. It indicated that in the mixed solution, the removal 
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rate of every ion was greatly affected by the pH value when 
it was lower than 5. But when it was higher than 5.5, almost 
all the removal rates of the metal ions attached the maxi-
mum and became stable, which meant that there was a wide 
pH range (>5.5) of the DTCR application and the strongly 
basic conditions had a little impact on the removal capac-
ity of DTCR. When the pH value was 5.5, the maximum 
removal rate of Cr3+, Cu2+, Pb2+, Zn2+ and Cd2+ was 99.70%, 
99.28%, 99.10%, 92.33% and 91.49%, respectively, and the 
residual concentration of the five metal ions in the treated 
water was 0.003, 0.036, 0.009, 0.383 and 0.085 mg/L. Given 
that the original pH value of the metallic mine wastewater 

was about 5.5, it seemed that DTCR had a promising pros-
pect for the application in the deep treatment of metallic 
wastewater with weak acidity. Moreover, the experimental 
result proved that the dosage of DTCR in this work had little 
effect on the initial pH value under the operating conditions.

3.1.3. Effect of time and initial concentration

To investigate the effect of time and initial concentra-
tion on the removal performance of DTCR, the study was 
carried out with different initial concentration of ions, 
while the dosage of DTCR and the initial pH value were 
optimized. The other operating conditions were kept con-
stant. Taking into account that the concentrations of the 
five metal ions in effluents should be lower than the dis-
charged standard, the initial concentrations were selected 
as shown in Fig. 3. It shows that all the removal efficiencies 
of the five metals in mixed solutions were increased with 
removal time. No matter how much the initial concentra-
tion was, the removal process would reach the equilibrium 
after 20 min, while the equilibrium time for the low concen-
tration was about 10 min (Fig. 3b). This might be caused by 
the rapid and complete adsorption at a relatively low ini-
tial concentration. Additionally, as shown in Fig. 3b, there 
was a little decrease in the removal rates of the five metal 
ions when the adsorption time was longer than 30 min. This 
might also be caused by the solubility of DTCR. Because 
that the dosage of DTCR might be excessive compared with 
the system with relatively lower initial concentration of 
metal ions. With the prolongation of adsorption time, the 
excessive DTCR would dissolve the chelating complexes 
and the removal efficiency would be reduced. 

3.1.4. Effect of temperature

The removal rates of various ions in the mixed solution 
at different temperature are illustrated in Fig. 4. It displays 
that with the increase of temperature, the removal rate of 
the five ions could raised slowly. When the temperature 
was higher than 40°C, the removal rate decreased, espe-
cially Cd2+ and Zn2+. The possible reason was the removal 
process might be exothermic reaction, which could occur 
spontaneously at room temperature. The higher tempera-
ture would inhibit the reaction [28]. 

The above experimental results implied that when the 
removal time was longer than 20 min and the temperature 
was in the range of 10–40°C, the effect of these factors on 
the removal would be very little. Considering of the eco-
nomic benefit, the process of wastewater treatment should 
be as convenient as possible. So the optimized operating 
conditions of DTCR were the volume ratio of DTCR to 
wastewater about 1:104, pH ≈ 5.5, removal time 20 min and 
ambient temperature (25°C). Under the optimized con-
ditions, the removal rate of Cr3+, Cu2+, Pb2+, Zn2+ and Cd2+ 
in the treated water could reach 99.70%, 99.28%, 99.10%, 
92.33% and 91.49%, respectively, and the residual content of 
the five ions were 0.003, 0.036, 0.009, 0.383 and 0.085 mg/L. 
By comparison with Table 1, the residual content of Cr3+, 
Cu2+ and Pb2+ were obviously lower than the required in the 
emission standard, while the residual concentration of Zn2+ 
and Cd2+ was relatively high, especially of Cd2+. It meant 
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that the available DTCR was poor for removing Zn2+ and 
Cd2+ effectively from the mixed solution with trace amount 
of metal ions.

3.1.5.  Experimental removal capacity of DTCR for different 
ion at equilibrium

To determine the experimental removal capacity of 
DTCR for the five metal ions after the equilibrium at ambi-
ent temperature (25°C), the removal capacity of the five ions 
in the single solution was measured as a function of con-
tact time under the optimized operating conditions, and the 
results are presented in Fig. 5.

As displayed in Fig. 5, there were all rapid uptake kinet-
ics and removal equilibrium for the five metal ions, which 
would be attained within 20 min. To ensure the equilibrium 
conditions were all achieved, the contact time was investi-
gated until 480 min, and the experimental removal capacity 
of DTCR for every metal ion had no further changed when 

the contact time was longer than 30 min. The experimental 
removal capacity of DTCR for Cr3+, Cu2+, Pb2+, Zn2+ and Cd2+ 
could reach to 2.16 mmol⋅ g−1, 1.18 mmol⋅ g−1, 1.13 mmol⋅ g−1, 
0.58 mmol⋅ g−1 and 0.55 mmol⋅ g−1 after the equilibrium, 
respectively, when the initial concentration of every metal 
ion was 50 mg·L−1 and the weight of DTCR in the form of 
dry powder was about 0.0169 g. These experimental data 
about the removal capacity of DTCR would be helpful to 
verify the accuracy of related theoretical calculation about 
the removal mechanisms of DTCR for the five metal ions in 
the following section.

3.2. Characterization for DTCR and its chelating products

3.2.1. UVS

The dilution of DTCR was scanned by an ultraviolet 
spectrophotometer (UVS), and the ultraviolet spectrum of 
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DTCR is displayed in Fig. 6. The analysis indicated that 
there were two kinds of absorption peaks. The one occurred 
at the vicinity of 230 nm was attribute to π-π* transition of 
N⋅⋅⋅C⋅⋅⋅S groups and the other at 286 nm was attribute to 
n-π* transition of the non-bonding electron on sulfur atoms 
to the conjugated system in S⋅⋅⋅C⋅⋅⋅S groups [29]. There 
would be two kinds of characteristic bonds in the structure, 
one was between atoms of C and N with lone pair electrons, 
and the other was between atoms of C and S with double 
bond. So the major functional groups in DTCR were –N-CS2 
included bonds of C=S and C-N.

3.2.2. FT-IR

The FT-IR spectra are given in Fig. 7. A large broad band 
near 3412 cm–1 was probably attributed to the presence of the 
stretching vibrations of N-H in functional groups [28,30]. 
The characteristic absorption peaks appearing at 1434 cm–1, 
1148 cm–1 and 620 cm–1 were attributed to the vibration of 
N-CS2, C=S and C-S, respectively. This further proved that 
there were dithiocarbamate (DTC) groups in DTCR. Com-
pared with the spectrum of DTCR, the vibration frequencies 
of C=S and C-S in DTC-M (M=Cu, Zn, Pb, Cd, Cr) were 
all deviated from 1148 cm–1 and 620 cm–1. The absorption 
peaks of N-H stretching in 3412 cm–1 were also widened and 
shifted in DTC-Cr, DTC-Pb and DTC-Cu, and only the char-
acteristic absorption peak of N-C=S was not observed from 
the FT-IR spectrum of DTC-Cr. The comparison indicated 
that all the five metal ions could be captured by a strong 
metal-ligand bond formed between the metal ion and the 
functional group of C=S or C-S in DTCR. Furthermore, the 
chelating capability between Cr3+, Pb2+, Cu2+ and DTCR 
would be enhanced, since the three metal ions could be 
adsorbed by the isolated pairs of electron on the group of 
-NH-. Moreover, Cr3+ with the strongest alkali could also 
interact with N on the group of N-CS2 by the coordination 
of isolated pairs of electron on N. So the chelating selectiv-
ity of DTCR for different metal ions was diverse.

3.2.3. XPS

The XPS spectra of DTCR before and after removing 
different metal ions (DTC-M) are displayed in Fig. 8. All 
the elements (except of H atoms) contained in DTCR and 
DTC-M could be reflected in the spectra, which indicated 
that there were no oxygen atoms in DTCR, and the molecule 
of DTCR was composed of C, N and S atoms. The element 
of Na was contained in DTCR, but the element was not 
detected in DTC-M (M = Cu, Zn, Pb, Cd and Cr). Because 
that the Na+ was completely replaced by the adsorbed metal 
ions. In order to clarify the removal mechanism of the five 
metal ions on DTCR, the XPS analyses for DTCR and differ-
ent ion on DTCR are shown in Figs. 9–11. 

3.2.3.1. XPS results of DTCR and DTC-Cr

The high resolution core-level spectra of S2p and N1s of 
DTCR and DTC-Cr resolved into individual component 
peaks are displayed in Fig. 9. The S2p binding energies of 
C=S bond (peak 1 in Fig. 9a), C-S bond (peak 2 and 3 in 
Fig. 9a) in DTC groups of DTCR were 160.93 eV, 161.78 eV 
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and 162.38 eV, respectively. By contrast, the same binding 
energies of C=S and C-S bond in DTC groups of DTC-Cr 
(peak 1, 2 and 3 in Fig. 9c) were 161.88 eV, 162.28 eV and 
163.18 eV, respectively. The binding energies of C=S and 
C-S bonds in DTC group of DTC-Cr were all a little higher 
than those in DTCR, which resulted from the donation of 
electrons from S atoms of C-S and C=S in DTC groups to 
Cr3+ [31]. It indicated that there might exist chelating bonds 
formed between Cr3+ and the bonds of C-S and C=S in 
DTCR.

The N1s binding energies of -NH-/-NH2 in DTCR 
before and after chelating Cr3+ were 397.68 eV in peak 1 
of Fig. 9b and 400.23 eV in peak 1 of Fig. 9d, respectively. 
The N1s binding energies of the groups in DTC-Cr was 
much higher than those in DTCR, which was caused by 
the donation of lone pair electrons on N atom to the shared 
bond between the N atom on –NH-/-NH2 and Cr3+ [32]. As 
a result, a complex between Cr3+ and N atom in group of 
-NH-/NH2 in DTCR was formed, and the electron cloud 
density in this N atom was decreased [33]. Moreover, the 
peak 2 at 400.78 eV in Fig. 9d was corresponding to the 
group of N-CS2 in DTC-Cr, whose N1s bonding energy was 
increased about 2.1 eV after the adsorption of Cr3+ com-
pared with that in peak 2 of Fig. 9b, since the electrons 
transferred from N atom on the N-CS2 group to Cr3+ and a 

coordination bond between Cr3+ and N atom on the group 
was formed. The N1s binding energies of –NR2 in DTCR 
and DTC-Cr were 399.38 eV in peak 3 of Fig. 9b and 399.43 
eV in peak 3 of Fig. 9d, respectively, which proved that 
there was no interaction between Cr3+ and -NR2, since 
there was no obvious change in N1s binding energies of 
-NR2 after the removal.

3.2.3.2. XPS results of DTC-Cu and DTC-Pb

The S2p binding energies of C=S bond in DTCR and 
DTC-Cu were 160.93 eV and 161.98 eV (peak 1 in Fig. 9a 
and 10a), respectively. The peaks 2 and 3 at 161.78 eV and 
162.38 eV in Fig. 9a, as well as those at 162.73 eV and 163.08 
eV in Fig. 10a were attributed to C-S bonds in DTCR and 
DTC-Cu, respectively. The comparison between the three 
peaks in Fig. 9a and 10a, indicated that there were small 
changes in the binding energies of C-S/C=S after chelating 
Cu2+, and there also existed the donation of electrons from 
S atoms on bonds of C-S/C=S to Cu2+. The above interac-
tion between Cu2+ and C-S/C=S was identical to that of 
Cr3+, which also meant that there were chelating interaction 
between Cu2+ and C-S/C=S. The N1s binding energies of 
-NH-/NH2 (peak 1), N-CS2 (peak 2) and -NR2 in DTC-Cu 
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(Fig. 10b) were 400.43, 398.62 and 399.31 eV, respectively. 
By the comparison with those energies in DTCR (Fig. 9b), 
the result indicated that only -NH-/NH2 in the nitrogenous 
groups of DTCR could form complexes with Cu2+. 

The S2p and N1s analysis of DTC-Pb (presented in Figs. 
10c and 10d) was almost consistent with those of DTC-Cu, 
which implied that the chelating mechanism of DTCR for 
Pb2+ was similar to that for Cu2+. 

3.2.3.3. XPS results of DTC-Zn and DTC-Cd

The analysis about the binding energies of S2p and N1s 
in Fig. 11 indicates that the chelating mechanisms of DTCR 
for Zn2+ and Cd2+ were the same. The comparison of S2p 
binding energies in Figs. 9a, 11a and 11c demonstrates that 
both Zn2+ and Cd2+ could be chelated by the C=S/C-S bonds 
in the DTC group of DTCR, which was similar to the che-
lating interaction between DTCR and Cu2+, Pb2+ and Cr3+. 
However, the N1s binding energies of all the three kinds of 
nitrogenous groups in DTC-Zn/Cd were almost the same 
with those in DTCR by comparing Figs. 9b, 11b and 11d, 
which demonstrate that there were no interaction between 
all the nitrogenous groups in DTCR and the metal ions of 
Zn2+ or Cd2+.

3.2.4. SEM and elemental analysis

The surface morphological changes of DTCR before and 
after chelating mixed heavy metal ions were clearly seen in 
SEM micro photographs of Figs. 12a and 12b. As shown in 
Fig. 12a, DTCR had a compact structure and a rough surface 
with obvious concavo-convex shape. Such a polymer struc-
ture would be more conductive to capturing heavy metal 
ions [34]. On the contrary, the structure of chelating prod-
uct of DTCR with heavy metal ions became much tighter 
and its surface was relatively smoother, since the cracks on 
the surface of DTCR were packed into blocks. The changes 
in the surface morphologies of DTCR before and after the 
chelating further indicated that there existed interaction 
between DTCR and mixed metal ions.

Elemental analysis results confirmed that there were 
only four kinds of elements in DTCR, which contained 
62.43 wt% of C, 27.64 wt% of H, 2.70 wt% of N and 7.23 wt% 
of S. It could be calculated that there were 1.93 mmol⋅ g−1 
of N-containing groups as well as 2.26 mmol⋅ g−1 of S-con-
taining groups in DTCR. The molar ratio of N/S in DTCR 
was higher than 1:2. Combined with the results of UVS, 
FT-IR and XPS for the functional group structure of DTCR, 
it demonstrated that there were 1.13 mmol⋅ g−1 of DTC 
groups (-NCS2) in DTCR and 0.80 mmol⋅ g−1 of other amino 
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Fig. 12. Scanning electro microphotograph of (a) DTCR and (b) chelating product of DTCR with mixed heavy metal ions.
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groups (-NH-, -NH2 or -NR2) which were not on the DTC 
groups.

The characterization results in Section 3.2 revealed that 
there was no oxygen atom in DTCR molecule. The major 
functional groups in DTCR were DTC groups (-NCS2) and 
amino groups (-NH-, -NH2 or -NR2) which were not on 
the DTC groups, whose content were 1.13 mmol⋅ g−1 and 
0.80 mmol⋅ g−1, respectively. So the major functional groups 
contained in DTCR are displayed in Fig. 13. 

The characterization results in Section 3.2 indicated 
that all the five ions could be captured by the metal-ligand 
bond formed between metal ions and C=S/C-S on the DTC 
groups, while could not be interacted with –NR2 either on 
DTC groups or not. But the interaction ability between Cr3+, 
Pb2+, Cu2+ and DTCR could be enhanced by the donation 
of isolated pairs of electrons in N atom of -NH2 and -NH- 
which were not on DTC groups to form the shared bond 
between N atom and the three metal ions. These results 
were similar with the reported removal mechanism of Bai 
et al. [28]. Besides, Cr3+ could be further attracted by the N 
atom on the DTC group (N-CS2) with the help of isolated 
electron pairs in N atom. The above interactions between 
the different functional groups of DTCR and metal ions are 
summarized in Table 2. 

3.3.  Theoretical calculation about removal mechanism of DTCR 
for metal ions

DFT method was employed to further explore the possi-
ble removal mechanism of different single metal ion on the 
active sites of DTCR at the molecular level, and the related 
calculations were carried out based on detailed methods in 
Section 2.4. 

Since the characterization in Section 3.2 had proved the 
major functional groups in DTCR (Fig. 13), the computational 
manageable cluster model shown in Fig. 14a which contains 
these typical groups was constructed and used to represent 
DTCR molecule for the cost-effective calculation. In Fig. 14a, 
the groups of [-N1H1-C1S1S3] and [-N2(CH3)-C2S2S4] were 
the DTC groups in the cluster model, and the electric charge 
of the cluster model was –2. It should be noted that the 
groups of -N1H1- and -N2R2 were the secondary and tertiary 
amine group on the DTC groups, respectively. By contrast, 
-N3H2- (-N4H3-), -N5R2 (-N6R2) and -N7H4H5 (-N8H6H7) 
were the secondary, tertiary and primary amines which were 
not on DTC groups, respectively. Although the cluster model 
could not accurately represent the whole environment of the 
chelating agent, it was particularly suited to describe local 
phenomena such as the interaction between adsorbents and 

active sites of adsorption agents as well as the new bonds 
forming calculated by high-quality theoretical methods. Cal-
culations with such cluster models had been proved to be 
adequate for qualitative descriptions of chemical rearrange-
ments that occur locally on active sites [23,25]. In addition, 
our calculation purpose was to study the difference in the 
removal property of DTCR for the five metal ions, and the 
investigated energies were relative, so the cluster model 
could make the reasonable estimates for the calculation.

The optimized geometric structures of DTCR cluster 
before and after trapping different single metal ion are 
shown in Fig. 14, and the related main structural param-
eters are tabulated in Table 3. The structures in Fig. 14 
combined with the parameters in Table 3 demonstrate that 
geometrical changes in the DTCR cluster were mainly due 
to the presence of different metal ions, and the configura-
tions of these metal complexes were variable according to 
the adsorption sites of metal ions. 

For example, as shown in Fig. 14b and Table 3, there 
were metal-ligand bonds formed between S atoms on DTC 
groups and M (M= Cu2+, Cr3+, Zn2+, Pb2+ and Cd2+) in the 
metal complex, as all the bond lengths of M-S1, M-S2, M-S3 
and M-S4 were in the ranges of 0.221–0.253 nm, which were 
all slightly longer than the sum of covalent radius of M-S. 
The sum of covalent radius of Cu-S, Cr-S, Zn-S, Pb-S and 
Cd-S was 0.219, 0.220, 0.227, 0.249 and 0.250 nm, respec-
tively [35]. Meanwhile, the bonds of C=S in the two DTC 
groups were visibly elongated at least 0.002 nm while the 
bonds of C-S and C-N on DTC groups were shortened about 
0.009 nm, and the two bond angles (S1C1S3 and S2C2S4) 
became smaller after the chelating adsorption. This calcu-
lation result was similar to the study of Bala subramaniam 
on the removal mechanism of DTC groups for Ni2+ [36]. It 
indicated that all the five metal ions could be captured by 
the coordination of C=S/C-S bonds on DTC groups, as a 
kind of chelating complex was constructed by one metal ion 
and two DTC groups [28].

The optimized complex structures in Fig. 14c and 14d 
proved that three kinds of investigated metal ions (Cr3+, 
Cu2+ and Pb2+) could also form the coordinate bonds with 
the N atom of -NH2 and -NH- which were not on the DTC 
groups [23], since the new coordination bond lengths in 

Table 2 
Characterization results about the interaction between 
functional groups of DTCR and different metal ions

Functional bonds Different meal ions (√: presence of 
interaction; 
×: no presence of interaction )

Cu2+ Zn2+ Pb2+ Cd2+ Cr3+ 

C=S/C-S on DTC 
groups

√ √ √ √ √

-NH-/-NH2 not on 
DTC groups

√ × √ × √

-NH- on DTC 
groups

× × × × √

-NR2 on or not on 
DTC groups

× × × × ×

Fig. 13. Scheme of major functional group of DTCR based on 
characterization analysis.
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Fig. 14. Optimized structures of DTCR cluster before and after chelating single metal ion with different functional group, (a) opti-
mized structure of DTCR cluster, (b) complex structures of Cr3+, Cu2+, Pb2+, Zn2+, Cd2+ coordinated by C=S/C-S on DTC groups of 
DTCR, (c) and (d) complex structures of Cr3+, Cu2+, Pb2+ coordinated by –NH2 and –NH– not on DTC groups of DTCR, (e) complex 
structures of Cr3+ coordinated by –NH– on the DTC group of DTCR. 
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Table 3 were all a little longer than the sum of covalent 
radius of Cr-N, Cu-N and Pb-N (0.193, 0.192 and 0.222 
nm), respectively. While there were no chelating reactions 
took place for the three metal ions with the N atom and 
the S atom on the DCT group, since there were no obvious 
changes in the main structural parameters of DTCR cluster, 
except of some changes in bond angles (N1N3N5 in Fig. 14c 
and N7C5N5 in Fig. 14d) and dihedral angles (H2N3N1C1 
in Fig. 14c and H4N7C5N5 in Fig. 14d). These structural 
changes were favorable to the formation of coordination 
complexes in Fig. 14c and 14d. While other metal ions such 
as Zn2+ and Cd2+ could not be captured by the N atom of 
-NH2 and -NH- which were not on the DTC groups, since 
the related adsorption models were also calculated but the 
physically meaningful structures could not be obtained in 
these cases. 

In the same way, the calculated results also verified that 
there was no interaction between the five metal ions and 
the N atom of tertiary amino (N5, N6 and N2 in Fig. 14a 
either on DTC groups or not). This theoretical result was 
conformed to the experimental characterization in Section 
3.2, namely, all the metal ions could not interact with ter-
tiary amino groups in the DTCR cluster. The calculations 
about the configuration in Fig. 14e confirmed that only 
Cr3+ could be captured by secondary amino on the DTC 

group by forming coordination bond between the ion and 
N atom. 

In order to confirm whether the structures of com-
plexes in Fig. 14b-14e were stable, the frequency analy-
sis of these configurations was carried out on the basis 
of structural optimization. The results showed that there 
was no imaginary frequency in the vibration spectrum of 
every complex, indicating that all the configurations of 
complexes were stable after the structure optimization 
[25]. Moreover, the adsorption energy (ΔE), namely the 
energy change in the system after the adsorption of metal 
ion on the special function group of DTCR, was calculated 
by Eq. (3) [37]. 

ΔE = [E+ZPE]complex of metal ion on DTCR cluster  – Emetal ion 

– [E+ZPE] DTCR cluster (3)

where [E+ZPE]complex of metal ion on DTCR cluster and [E+ZPE] DTCR cluster 
are the total energy of the complex and the energy of DTCR 
cluster after the structure optimization as well as the zero-
point vibration energy correction, respectively, and Emetal ion 
is the energy of metal ion.

According to the definition of ΔE, the interaction 
strength between the metal ion and various functional 

Table 3 
Important geometric characteristics for optimized structures of different metal ion captured by various functional groups in 
cluster of DTCR in Fig. 14

Materials and status Distance of two atoms (nm), bond angles of three atoms (°) and dihedral angles of four atoms (°)

Interact with C=S/
C-S on DTC groups

C1S1 C1S3 C2S2 C2S4 C1N1 C2N2 MS1 MS2 MS3 MS4 S1C1S3 S2C2S4

[DTCR]2– (Fig. 14a) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 – – – – 120.52 121.04
[DTCR-Cr]+ (Fig. 14b) 0.1702 0.1751 0.1716 0.1750 0.1299 0.1305 0.2239 0.2242 0.2291 0.2279 110.18 112.50
[DTCR-Cu] (Fig. 14b) 0.1711 0.1744 0.1713 0.1748 0.1312 0.1319 0.2217 0.2215 0.2297 0.2289 112.93 113.71
[DTCR-Pb] (Fig. 14b) 0.1719 0.1742 0.1721 0.1743 0.1317 0.1322 0.2509 0.2513 0.2541 0.2538 114.05 114.82
[DTCR-Zn] (Fig. 14b) 0.1725 0.1736 0.1728 0.1745 0.1315 0.1318 0.2286 0.2282 0.2385 0.2392 115.21 114.98
[DTCR-Cd] (Fig. 14b) 0.1727 0.1737 0.1730 0.1739 0.1324 0.1327 0.2518 0.2531 0.2527 0.2549 116.32 116.13

Interact with –NH– 
not on DTC groups

C1S1 C1S3 C2S2 C2S4 C1N1 C2N2 S1C1S3 S2C2S4 MN3 N5N3N1 H2N3N1C1

[DTCR]2– (Fig. 14a) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 – 109.47 60.08
[DTCR-Cr]+ (Fig. 14c) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.1983 140.26 68.29
[DTCR-Cu] + (Fig. 14c) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.1969 143.08 63.55
[DTCR-Pb]+ (Fig. 14c) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.2307 142.75 66.12

Interact with –NH2 
not on DTC groups

C1S1 C1S3 C2S2 C2S4 C1N1 C2N2 S1C1S3 S2C2S4 MN7 N7C5N5 H4N7C5N5

[DTCR]2– (Fig. 14a) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 – 109.47 60.26
[DTCR-Cr]2+ (Fig. 14d) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.1945 113.62 22.52
[DTCR-Cu] +(Fig. 14d) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.1953 117.13 23.08
[DTCR-Pb]+ (Fig. 14d) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.2301 117.85 24.22

Interact with –NH on 
DTC group

C1S1 C1S3 C2S2 C2S4 C1N1 C2N2 S1C1S3 S2C2S4 MN1 H1N1C1 S1C1N1H1

[DTCR]2– (Fig. 14a) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 – 109.47 –90.05
[DTCR-Cr]2+ (Fig. 14e) 0.1782 0.1701 0.1783 0.1711 0.1390 0.1393 120.52 121.04 0.1994 85.04 –52.95
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the removal activity and strength of the four groups were 
gradually enlarged, and the removal species of metal ions 
were also increased. 

Table 4 also revealed that the removal strength of the 
five metal ions with the same functional group was in the 
order of Cr3+>Cu2+>Pb2+>Zn2+>Cd2+. Considering of the 
positive charge density and steric hindrance, the metal 
ion with more positive charge and smaller radius could 
be more easily adsorbed by the same functional group. 
The semi diameter of Cr3+, Cu2+, Pb2+, Zn2+ and Cd2+ was 
0.062, 0.072, 0.119, 0.076 and 0.095 nm, respectively, it 
seemed that the adsorption strength might be in the order 
of Cr3+>Cu2+>Zn2+>Cd2+>Pb2+. However, the hydration 
ability of the five metal ions should also be taken into 
account. The hydrated ionic radii of the metals decreased 
in the order of Pb2+ (0.401 nm)>Cu2+ (0.419 nm)>Cr3+ (0.421 
nm)>Cd2+ (0.426 nm)> Zn2+ (0.430 nm) [38]. The higher 
hydrated ionic radius of the metal ion meant the greater 
tendency to be hydrolyzed, which would lead to a reduced 
sorption [39]. Although the ionic radius of Pb2+ was rela-
tively bigger, it had the weakest hydration ability among 
the five metal ions. So the combined influences of ionic 
nature and its hydration ability made Pb2+ more inclined 
to be adsorbed than Zn2+ and Cd2+. This was in agreement 
with the study of Hillel, who explained that the smaller 
the ionic radius and the greater the valence, the more 
closely and strongly the ion was adsorbed. On the other 
hand, the greater the ion’s hydration, the further it was 
from the adsorbing surface and the weaker its adsorption 
[40]. It could be used to explain the calculated result about 
the removal strength of different irons on the same group 
as well as the removal species of metal ions on the func-
tional group. Additionally, the difference in the adsorption 
energies of the metal ions on the same group was small, 
which stated that there existed competitive adsorption 
among the adsorbed metal ions. 

In the end, the theoretical removal amount of each 
functional group for the five meal ions is summarized in 
Table 5 by the modes of metal complexes in Fig. 14 as well 
as the elemental analysis about the content of functional 
group in DTCR in Section 3.2.4. It should be noted that 
there was a hypothesis that there were no tertiary amino 
groups (-NR2) in the molecule of DTCR, when the maxi-
mum removal amount of DTCR for single metal ion was 
calculated by the theoretical method. Because that the exact 
contents of -NR2 and other amino groups in unit mass of 
DTCR could not be obtained by the elemental analysis. 
By comparison with the experimental removal capacity in 
Section 3.1.5, the datum in Table 5 demonstrated that the 
experimental values about Zn2+ and Cd2+ were very close 
to the calculated results, since the two kinds of metal ions 
only interacted with C=S/C-S on DTC groups and 1 mmol 
metal ions were chelated by 4 mmol of C=S/C-S on DTC 
groups. While the experimental values about Cr3+, Cu2+ 
and Pb2+ were a little lower than the calculated amount. 
It was possibly caused by the ignored content of tertiary 
amino groups in the calculation of theoretical values. But 
the changing trends of the removal amount of the three 
kinds of metal ions were consistent with that obtained by 
the theoretical method. This could be used to prove the 
correctness of the theoretical results about the removal 
mechanisms. 

groups of DTCR could be measured. The larger the abso-
lute value of ΔE is, the stronger the adsorption strength 
will be and the more stable the complex structure will be 
[33]. So the corresponding adsorption energies for the for-
mation of complex in Fig. 14 were calculated and summa-
rized in Table 4, which further demonstrated that the four 
kinds of functional groups in DTCR cluster could adsorb 
metal ions but the adsorption types as well as the adsorb-
abilities of the four groups for different metal ion were 
distinctive. 

By contrast, bonds of C=S/C-S on DTC groups pos-
sessed the largest adsorption capability, since a stable 
chelating complex was formed by 1 mol metal ion with 
4 mol C=S/C-S on the DTC group (Fig. 14b). All the five 
investigated metal ions could be chelated by this kind of 
groups, and their adsorption energies on C=S/C-S of DTC 
groups was the highest compared with other functional 
groups (Table 4). The -NH2 and -NH- which were not on 
DTC groups had a relatively weak adsorption capability 
and could not interact with Zn2+ and Cd2+, since metal ions 
were adsorbed just by the coordination effect of N atom 
in these amine groups (Fig. 14c and 14d). The influence of 
coordination interaction was comparatively weaker than 
that of complexation and greatly affected by the steric hin-
drance, so all the tertiary amino (either on the DTC groups 
or not) with the largest steric hindrance could not coordi-
nate with any investigated ions. In addition, the coordi-
nation performance of the secondary N atom on the DTC 
group was greatly weakened by the chelating competition 
as well as the steric hindrance of C=S/C-S bonds on the 
DTC group. Only Cr3+ with the maximum positive charge 
density and the minimum ion radius among the five inves-
tigated metal ions could be coordinated by the secondary 
N atom on the DTC group. It meant that the functional 
group with stronger adsorption ability could interact with 
more species of metal ions. Moreover, the complex struc-
tures formed by the four types of functional groups with 
the same ion became more stable in the order of -NH- on 
DTC groups, -NH- not on DTC groups, -NH2 not on DTC 
groups and C=S/C-S on DTC groups, which implied that 

Table 4 
Summary for adsorption energies of the five metal ion interacted 
with different functional groups in cluster of DTCR in Fig. 14.

Figures Functional  
groups

Δ E(kJ/mol) (-: Structure does not 
exist)

Cr3+ Cu2+ Pb2+ Zn2+ Cd2+

Fig. 14b C=S/C-S 
on DTC 
groups

–323.4 –307.8 –298.5 –294.6 –276.3

Fig. 14d –NH2 not 
on DTC 
groups

–235.9 –217.4 –201.7 – –

Fig. 14c –NH- not 
on DTC 
groups

–191.2 –168.3 –146.1 – –

Fig. 14e –NH- on 
DTC 
groups

–102.6 – – – –
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Based on the experimental characterization and the-
oretical calculation, the relation between the functional 
groups on DTCR and metal ions could be calculated 
quantitatively, which would be beneficial to further 
reveal the removal mechanism and competition mecha-
nism between the adsorbent and different metal ions. It 
demonstrated that all the five metal ions could be pref-
erentially chelated by C=S/C-S on DTC groups, since the 
formed metal complexes were the most stable. But there 
existed an adsorption competition between the five metal 
ions for this kind of functional group in the solution of 
mixed metal ions, since the difference in their adsorption 
energies on this functional group were a little. If there 
existed a strong competition or there were not enough 
amounts of DTC groups in the molecule of DTCR, Cr3+, 
Cu2+ and Pb2+ could be further adsorbed by other func-
tional groups, such as -NH2 and -NH- which were not 
on DTC groups. In the same way, Cr3+ with the great-
est valence and the smallest ionic radius could also be 
coordinated by the secondary N atom on the DTC group 
during the process of competitive adsorption or when the 
other functional groups were inadequate. This could be 
used to well explain the order of removal ability of DTCR 
for the five metal ions in the experiments. It also pro-
vided a scientific basis for the modification of chelating 
agents with DTC groups. If the effective content of DTC 
groups in chelating agent could be raised reasonably, the 
removal rates of Zn2+ and Cd2+ in the solution with mixed 
metal ions would be greatly increased under the same 
operating conditions.

4. Conclusions

The chelating performance test indicated that DTCR, as 
a kind of trapping agent for toxic metal ions, could be used 
to further reduce the concentration of metal ions in the dis-
charged metallic mine water with trace amount of mixed 
metal ions in Poyang Lake valley. The optimized operating 
conditions were the volume ratio of DTCR to wastewater 
with mixed ions about 1:104, pH≈5.5, removal time 20 min 
and ambient temperature. Under the optimized operat-
ing conditions, the removal rate of Cr3+, Cu2+, Pb2+, Zn2+ 
and Cd2+ in the treated water could reach 99.70%, 99.28%, 
99.10%, 92.33% and 91.49%, respectively, and the residual 

content of the five ions were 0.003, 0.036, 0.009, 0.383 and 
0.085 mg/L, respectively, which were all lower than the 
contents required in the existing emission standard. The 
removal ability in the mixed solution followed the order of 
Cr3+> Cu2+> Pb2+> Zn2+> Cd2+.

The experimental characterization revealed that the 
major functional groups in DTCR were dithiocarbamate 
groups (-NCS2) and amino groups (-NH-, -NH2 or -NR2) 
which were not on dithiocarbamate (DTC) groups. The 
removal mechanisms were investigated by the combina-
tion of experimental methods and density functional theory 
(DFT) calculation, which demonstrated that all the five ions 
could be captured by C=S/C-S on DTC groups. Moreover, 
Cr3+, Cu2+ and Pb2+ could form the coordinate bonds with 
the N atom of -NH2 and -NH- which were not on the DTC 
groups. Only Cr3+ could be further adsorbed by the sec-
ondary N atom on DTC group. The relation between the 
functional groups and metal ions could be calculated quan-
titatively based on the removal mechanisms. It could well 
explain the removal ability order. It could also provide a 
scientific basis for the further modification and application 
of chelating agent with DTC groups in the depth treatment 
of metallic mine wastewater. If the effective content of DTC 
groups in the chelating agent could be raised reasonably, the 
removal rates of Zn2+ and Cd2+ in the solution with mixed 
metal ions would be greatly increased under the same oper-
ating conditions.
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