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ABSTRACT: In this work, a novel heavy metal chelating agent
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(DTC-SDS) containing dithiocarbamate (DTC) was synthesized e B Contral procecurs o
using sodium dodecyl sulfate (SDS), formaldehyde, and carbon i 5‘;_,(Hg‘§yx::;;|;fgg§:;ﬁ"
disulfide. DTC-SDS has excellent trapping performance under pH 3 Stiaw || s e dinet
1—7 and initial concentrations 100—500 mg/L. With the increase ¢ "o L TW" = - -

in adsorbent dose, the adsorption amount of DTC-SDS increases
and then decreases, and the optimized dosage of DTC-SDS is 0.02
g. The DTC-SDS adsorbent exhibits superior adsorption capacity
(191.01, 111.7, and 79.14 mg/g) and high removal rates (97.99%,

I 2 Internal diffusion
m=p- (Heavy metal ion concentration
4 determines the diffusion rate)

98.48%, and 99.91%) for Mn**, Zn**, and Pb** respectively, in Ll S
wastewater. Such remarkable adsorption performance could be ;';"Alii;;};;;;‘i\;_/%(iﬁf‘ﬁlﬁf‘;ﬂmﬁm ' -

ions to form macromolecuiar flocs)

attributed to the strong trapping effect on heavy metal ions by the
C—S bond of DTC-SDS. The liquid adsorbent was in full contact
with heavy metal ions, which further enhanced the complexation of
heavy metal ions. The adsorption isothermal model showed that the adsorption process was typical of Langmuir monomolecular
layer adsorption. Kinetic studies showed that the pseudo-second-order kinetic model fits the experimental adsorption data better
than the pseudo-first-order kinetic model. In the ternary metal species system (Mn**, Zn**, and Pb**), DTC-SDS preferentially
adsorbed Pb*" due to its highest covalent index. The main controlling step is the chemical interaction between the active groups of
DTC-SDS and the heavy metal ions. This work provides valuable insights into the adsorption of heavy metal ions onto
dithiocarbamate, which could guide the development of other heavy metal chelating agents and be beneficial for developing novel

i !
i @ Heavy metals ! Macromolecular floc

treatments of wastewater contaminated with heavy metals.

1. INTRODUCTION

The heavy metal mass concentration exceeding the allowable
environmental value will cause significant damage to the
ecological environment and seriously endanger human health.'
Typical toxic heavy metals in polluted water include
manganese, zinc, lead, etc.” For example, high concentrations
of Mn can affect hepatic, vascular, immune, and reproductive
systems;” Zn can lead to vomiting, diarrhea, gastric perforation,
intestinal necrosis, and even death by shock;* Pb can damage
the renal, hepatic, reproductive, and brain nervous system.’
Several technologies for the removal of heavy metals have been
investigated extensively, such as chemical precipitation,” ion-
exchange,7 membrane filtration,® electrochemical treatment
technologies, adsorption,9 etc. Among these methods, chemical
precipitation is widely used to treat wastewater with a relatively
high concentration of heavy metals due to its high efficiency,
easy handling, and low energy consumption. However, this
method requires large doses and produces large amounts of
sludge, increasing the difficulty of sludge treatment.' The
adsorption method presents similar advantages while it could
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significantly reduce the production of sludge.'® Nevertheless,
most adsorbents are solid phase in that heterogeneous
adsorption is slower than a homogeneous chemical reaction,
resulting in relatively poor efficiency.'’ Therefore, novel
soluble adsorbents that can capture heavy metals in the liquid
phases are highly demanded.

The heavy metal chelating agent is an organic agent that
contains specific functional groups that can chelate, trap, and
precipitate heavy metal ions from wastewater.'' Dithiocarba-
mates (DTCs) are one kind of heavy metal chelating agent.
Based on the theory of hard and soft acids and bases (HSAB),
DTCs, a soft base, could be used as selective adsorption
material to remove heavy metal ions.'” This method has
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Figure 1. Synthesis process of DTC-SDS.
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attracted much attention due to its fast reaction rate, stable
precipitation products, and simple operation.'> Tan et al.
synthesized a heavy metal chelating agent having dithiocar-
boxyl groups with an adsorption capacity of 26.56 mg/g to
remove Mn>*.'* Li et al. prepared DTC-MWCNT to remove
complexed Zn** with an adsorption capacity of 11.2 mg/g."
Similarly, Li et al. synthesized DTC-LPEI with an adsorption
capacity of 20.25 mg/g to remove Zn** at pH 5.5."® The above
research focused on preparing small molecule DTCs, which
have good water solubility and are effective in treating most
simple or complex systems of heavy metal wastewater.
However, the complex flocs with heavy metal ions are so
small that the flocs settle slowly, and the resulting sludge is less
dense, large in volume, and high in water content.

Large-molecule organosulfur DTCs have a larger molecular
weight and contain more functional groups in the molecular
chain, which perform better trapping than small-molecule
DTCs. Moreover, it generates larger flocs with heavy metal
ions that are easy to settle. However, because large molecule
DTCs are usually synthesized by the reaction of organic
amines and carbon disulfides, the molecular chain of DTCs
contains a large number of carbon chains, leading to the poor
water solubility of these DTCs.

Masafumi et al. reported that the reaction of polyethyleni-
mine with carbon disulfide produced polymeric DTCs
containing functional groups, although this polymeric heavy
metal trap is insoluble in water.'” The Carey team generated
poly(DTCs) by reacting poly(dichloroethylene) or poly-
(polyethylenimine) with carbon disulfide. The water solubility
of poly(DTCs) decreased when the molecular weight of poly
ammonia increased.'” For now, it is still important to explore
novel methods that can synthesize water-soluble macro-
molecular DTCs.

Herein, an easily scale-up method was developed to
synthesize DTCs with sodium dodecyl sulfate (SDS), which
is the most commonly used and cheap surfactant.'® By using
SDS and carbon disulfide as raw materials and formaldehyde as
the cross-linking agent, the obtained novel polymer DTCs,
which is named DTC-SDS, are presented in the form of
macromolecular with good water solubility. The DTC-SDS
was used for the adsorption of Pb*, Mn?*, and Zn**, and it
exhibits excellent performance due to the significantly
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increasing numbers of C—S and a large amount of long
molecular chains, which could reduce the spatial site resistance.
The effects of the solution pH and DTC-SDS dosage were
systematically investigated. The adsorption kinetics and
adsorption diffusion model were discussed. Furthermore, the
adsorption mechanism and the impact of DTC-SDS on the
removal of heavy metal ions in the ternary system are also
proposed.

2. MATERIALS AND METHODS

2.1. Materials and Characterizations. Sodium dodecyl
sulfonate, formaldehyde, carbon disulfide, hydrochloric acid,
and sodium hydroxide of analytical purity are purchased from
China Chemical Reagent Network. Multielement mixed
standard solution (Al, As, Cd, Cr, Cu, Ni, Pb, Mn, Cd, Zn)
was purchased from Aladdin Corporation. The pH index was
measured with a pH meter (Thunder Magnetic PHS-3C). The
heavy metal ion concentrations were analyzed by an
inductively coupled plasma atomic emission spectrometer
(ICP-AES, SPECTRO GESISE). The ICP detection con-
ditions were the following: plasma gas was 10—12 MPa,
auxiliary gas was 0.6—0.8 MPa, carrier gas was 0.6—0.8 MPa,
purge time was 120 s, tests number was 2, test time was 30 s,
and the gas was argon. Fourier transform infrared spectroscopy
(FT-IR Prestige-21) was used to determine the functional
groups, and FT-IR was in the attenuated total reflection mode,
and the measured wavenumber was 4000—500 cm™. A
scanning electron microscope (SU-1510) was used to measure
the apparent morphology, and the working voltage was 15 kV.
Aqueous gel permeation chromatography (GPC, Agilent PL-
GPCS0) was used to measure the molecular mass of the
compounds to calculate the degree of product polymerization.
The X-ray photoelectron spectroscopy (XPS) tests were
carried out with a Thermo Scientific K-Alpha spectrometer
with a monochromatic Al Ka source (1486.6 eV). All of the
reported binding energies were corrected for charging effects
by the C 1s peak (284.8 eV) of adventitious carbon on the
analyzed sample surface.

2.2. Preparation of DTC-SDS by Graft Polymerization.
DTC-SDS was prepared by graft polymerization as shown in
Figure 1."” At 50 °C, 1 mmol of sodium dodecyl sulfate (SDS)
was added to 25 mL of deionized water. After stirring for half
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Figure 2. SEM images of (a) SDS, (b)(c)(d) DTC-SDS.

an hour, 3 mmol of formaldehyde is added to the SDS
solution. The mixture is stirred for 1 h and cooled to room
temperature. Then, 4 mmol of the chelating group donor CS,
and 0.1 mmol of the cross-linking agent NaOH are added. The
reaction is carried out at room temperature for 1 h. A pale
yellow liquid is finally obtained.

2.3. Preparation of Heavy Metal lon Solution. A
standard mixed sample with a mass concentration of 100 mg/L
is taken in a volumetric flask and diluted into different standard
solutions with 0, 0.1, 1, S, and 10 mg/L. The intensities are
measured under the set working conditions of ICP-AES, and
the standard curves are plotted.

2.4. Adsorption Experiment. The effect of pH on the
adsorption of the metal ions is studied at 25 °C. A series of 50
mL flasks are used. 0.04 g of DTC-SDS and 50.0 mL of metal
ions (200 mg/L) are added to each flask. The desired pH is
adjusted using an aqueous solution of each HCIl and NaOH
(0.1 mol/L). A pH range of 1.0 to 7.0 was used to avoid the
precipitation of metal hydroxides. The flask was shaken in the
thermostat shaker for 60 min. After resting, the supernatant is
filtered through a 0.45 pm filter membrane. The residual
concentration of each metal ion is determined by ICP-AES to
calculate the adsorption capacities of metal ions according to
eqs 1-3:

Co — G

Y= X 100%

o

(1)
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Y is the removal rate, g, is the amount of heavy metal ions
adsorbed per unit mass of adsorbent at equilibrium, and the
equilibrium removal amount g, is calculated as follows: the ¢,
(mg/L) is the initial mass concentration of the target metal ion
in the wastewater sample; ¢, (mg/L) is the mass concentration
of the metal ion after a certain adsorption contact time; c,
(mg/L) is the mass concentration of the metal ion at the
adsorption equilibrium; m (g) represents the mass of the metal
trapping agent; V (L) is the volume of the wastewater sample.

For the kinetic adsorption, 0.05 g of DTC-SDS is weighed
into the flasks with 50.0 mL of metal ions solution at 200 mg/
L. The pH was kept at 7 throughout kinetic studies. The flasks
were agitated for 500 min at 25 °C in a shaking thermostatic
bath. The concentration of each metal ion was measured at
different time intervals of up to 500 min. The calculation
formulas of the kinetic model are shown in eqs 4 and 5:

log(qe - qt) = logq, — kit 4)
t 1 t
i > + —
9 Ky 5 4, (s)
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where k; (min™") is the quasi-first order reaction rate constant
and k, [(g mg™") min~'] is the rate constant of the quasi-
second-order reaction.

The diffusion model is calculated by the following equations:

/
q, = kt'? + ¢ (6)

log(1 — F) = — kst ?)

where F is the balance proximity coefficient, k; (min™") is the
external diffusion rate constant, k; [mg/(g min®®)] is the
internal diffusion rate constant, and ¢ (mg/g) is the intercept
of the internal diffusion curve.

The degree of polymerization (Dp) is calculated by the
following equations:

Dp = Mn + M, (8)

where Mn is the number-average relative molecular mass,
which was measured by GPC and is 168223 and M, is 557,
which is the repeat group molecular mass of DTC-SDS.

The Langmuir adsorption isothermal model is calculated by
the following equations:

1 1 1 1

= X — 4 =

qgq ab ¢ b 9)

where a and b are constant (math.).

3. RESULTS AND DISCUSSION

3.1. Material Characterization. 3.1.1. SEM Images. The
morphologies and structures of SDS and DTC-SDS were
characterized. As depicted, SDS presents a homogeneous
granular form (Figure 2a). In Figure 2b, the DTC-SDS
particles are observed to agglomerate together as a result of
cross-linking. The surface of DTC-SDS particles partly
collapses because of the structure damage by NaOH during
the preparation process. As shown in Figure 2c,d, further
zoomed-in view, the surface of the DTC-SDS shows a
flowerlike structure with abundant micropores. The surface
has massive depressed areas and abundant pores with ions
accommodation space. The irregular DTC-SDS particles have
a rough and loose surface, providing a good possibility for
trapping heavy metal ions.*’

3.1.2. FT-IR Spectrum. The FT-IR spectra of the DTC-SDS
sample, SDS, and CS, are shown in Figure 3. As can be seen in
Figure 3, the DTC-SDS has three characteristic peaks. The
peak at around 1640 cm™' is mainly due to the bending
vibration of the C—S bond of the DTC-SDS.”' A broad
absorption band at 3433 cm™ is usually assigned to the O—H
of the adsorbed water.”” The peak at 1400 cm ™ is attributed to
the C—O bending vibration.””** These results verify the
presence of C—S in the DTC-SDS groups.

3.1.3. GPC Test. The relative molecular masses of DTC-SDS
are measured by GPC and the degree of polymerization is
calculated. DTC-SDS presents an average relative molecular
mass of 168463, which means that the degree of polymer-
ization of DTC-SDS is 302.

3.2. Adsorption Performance. 3.2.1. Effect of pH. The
pH of the aqueous solution is an important controlling
parameter in the heavy metal ion adsorption process. This
study investigates the removal of heavy metals (Mn**, Zn*",
and Pb**) by DTC-SDS at the initial pH range of 1 to 7 at 25
°C. As shown in Figure 4, the removal amount of heavy metals
enhances with the pH increase. The adsorption of Mn>*

——CS,
——SDS
——DTC-SDS

T %

I
| C-0
O-H | 3433 1640 | 11400

T T T T
4000 3000 2000 1000 0
-1
Wavenumbers /cm

Figure 3. FT-IR spectra of DTC-SDS, SDS, and CS,.
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Figure 4. Effect of solution pH on the removal of heavy metal ions by
DTC-SDS (concentration of heavy metal ions, 200 mg/L; solution
volume, 50.0 mL; DTC-SDS, 0.04 g; temperature, 25 = 1 °C;
reaction time, 60 min).

increases with increasing pH, with a maximum capacity of
114.5 mg/g at around pH 7. At pH 5—7, the maximum
adsorption removal of Zn** is 61.4 mg/g. At pH 4—7, the
adsorption capacity of Pb*" is more than 30 mg/g. However, at
pH 1, the adsorption capacity of DTC-SDS for heavy metal
ions is less than 20 mg/g. The poor performance of DTC-SDS
at strong acidic conditions (pH < 2) is due to abundant H*,
protonating the active groups of the metal trapping agent,
reducing the ionization degree of the groups, as well as the
active sites that bind to metal ions.>>*° That is, S, which
contains a lone pair of electrons, can act as a proton acceptor
that binds an H* through a coordination bond to form S*.
Therefore, the C—S on the DTC-SDS prefers to chelate with
hydrogen ions rather than heavy metal ions due to the
protonation.””* In addition, the strong acid environment will
destroy the structural integrity of the DTC-SDS and increase
its solubility, resulting in the difficulty of DTC-SDS to form
stable macromolecular compounds with heavy metal ions.””*°
In conclusion, DTC-SDS has excellent trapping performance
under acidic conditions and is suitable for a wide range of acid-
complexed heavy metal wastewater.

3.2.2. Dosage of DTC-SDS. The effect of the adsorbent dose
on the removal of heavy metal ions is shown in Figure S. The
DTC-SDS exhibits superior adsorption capacity (191.01,

https://doi.org/10.1021/acsomega.3c05476
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Figure 5. Effect of DTC-SDS dosage for the removal of heavy metal
ions (concentration of heavy metal ions, 200 mg/L; solution volume,
50.0 mL; temperature, 25 + 1 °C; reaction time, 60 min; pH = 7).

111.7, and 79.14 mg/g) and high removal rates (97.99%,
98.48%, and 99.91%) for Mn**, Zn>*, and Pb** in wastewater,
respectively. The removal percentage increases rapidly with the
increase in adsorbent dose at the beginning. The removal
percentage reaches an almost constant value at the critical
adsorbent dose (around 0.05 g). However, the amount of
heavy metal ions adsorbed per unit mass of DTC-SDS at
equilibrium show a mountain-shaped trend that first increases
and then decreases. Because when the number of active sites
provided by the metal trapping agent is greater than the
content of metal ions, overlapping of active sites will occur,
resultln§ in a decrease in the utilization efficiency of active
groups.” > Thus, the optimized dosage of DTC-SDS is 0.02 g.

The adsorption capacities g, for different types of adsorbents
used in the removal of heavy metal ions are compared in Table
1. As shown in Table 1, the maximum adsorption capacities of
DTC-SDS are higher than those of many other reported
adsorbents, and the equilibrium time is short, suggesting that
DTC-SDS is an effective adsorbent for removing heavy metal
ions.

3.2.3. Initial Concentration of Heavy Metal lons. The mass
concentration of heavy metal ions can affect the initial kinetic
energy of DTC-SDS during the removal of heavy metal ions.
When the dosage of DTC-SDS was 0.02 g and other
conditions were the same as 3.2.2, the effects of Mn>*, Zn*,
and Pb?>* mass concentrations of 100—500 mg/L on the
performance of DTC-SDS were investigated. From Figure 6a,
it can be seen that the adsorption amount of Mn?**, Zn?*, and
Pb>* by DTC-SDS increased with the increase in mass
concentration. At a mass concentration of 400 mg/L, the

removal of Zn*" and Pb** was saturated with the amounts of
227.64 and 119.41 mg/g. At a mass concentration of 500 mg/
L, the removal of Mn?" was saturated with a concentration of
406.53 mg/g. The saturated adsorption amount of DTC-SDS
was Mn** > Zn** > Pb*". In addition, we fitted the adsorption
isothermal model, as shown in Figure 6b. The adsorption
process of Mn**, Zn**, and Pb** by DTC-SDS was typical of
Langmuir monomolecular layer adsorption with R* are 0.9962,
0.9982, and 0.9761, respectively.

3.3. Analysis of Adsorption Kinetic Models. The
parameters of the three kinetic equations are shown in Table
2. The correlation coefficients of the pseudo-second-order
equation (R* = 0.9999) are higher than those obtained from
the pseudo-first-order equation (R* = 0.9414—0.9978). There-
fore, the adsorption behavior of Mn?*, Zn**, and Pb*" onto
DTC-SDS fit well with the pseudo-second-order equation. In
addition, good agreement with this kinetic adsorption model is
confirmed by the fact that the experimental equilibrium
removal amount (g.,), are closer to the calculated values,
(qe,car)- Figure 7a shows that the quasi-first-order model can
describe only the initial phase of heavy metal ion removal by
DTC-SDS and cannot describe the entire removal process.
Therefore, the adsorption time is only 100 min. Figure 7b
shows that the pseudo-second-order model curves are linear
when the temperature is set at 298.15 K. It demonstrates that
the chemisorption is the rate-controlling step,””*® and the
main driving force is the chemical interaction process between
the a}gtige groups of the metal trapping agent and the metal
ions.””’

3.4. Diffusion Model Analysis. The parameters of the
diffusion model equations are shown in Table 3. The
correlation coefficients of the external diffusion model (R* =
0.9414—0.9978) and the internal diffusion model (R?
0.9631—0.9747) both fit well. Figure 8a,b also shows that
the internal and external diffusion model curves are linear. It
indicates that the diffusion of metal ions from the solution to
DTC-SDS includes two stages. The initial stage is external
diffusion. The external diffusion rate constant k; is Pb**
(0.1368) > Mn>* (0.0324) > Zn>* (0.0309). It indicates that
Pb** is diffused more easily from the solution to the outer
surface of DTC-SDS during the external diffusion phase. The
second stage is internal diffusion. The internal diffusion rate
constant k; Mn>*(1.4436) > Pb** (0.6258) > Zn** (0.6125),
indicating that Mn*" is diffused more easily from the surface of
DTC-SDS to the inside of DTC-SDS. This may be the reason
for the maximum adsorption and the fastest rate of Mn?*
adsorption by DTC-SDS in a single solution. Both stages are
driven by the difference in the concentration of heavy metal

Table 1. Comparison of the Chemical Precipitation for the

heavy metal initial concentration
adsorbent ions (mg/L) dose (g)
DTC-SDS Mn**Zn>*Pb** 200 0.050.040.01
active carbon Pb** 1 4
natural Zn** 300
bentonite
resin Pb** 40 2
fly ash Pb** 30 S
zeolite Cu**Pb** 200 4
DTCs Mn?* 100 3.5
DTC-MWCNT  Cu®>Zn>* 10 S
DTC-LPEI Cu**Zn 100 4

Removal of Heavy Metal Ions from Water

equilibrium time temperature
pH capacity (mg/g) (min) %J references
7 191.01111.7079.14 60 this work
6 1.295 120 20 33
5291 33
S 19.64 180 34
6 591 90 20 3S
6 4549 3045 20 36
6 26.56 14
6 98.1 11.2 120 25 15
5.5 24.6520.25 2880 25 16
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Figure 6. (a) Effect of initial concentration of heavy metal ions, (b) isotherm model (solution volume, 50.0 mL; DTC-SDS, 0.02 g; temperature, 25

+ 1 °C; reaction time, 60 min; pH = 7).

Table 2. Kinetic Results

pseudo-first-order

pseudo-second-order

metal ion  Cp/(mg g™")  Geep/(mgg) g /(mgg™) Kk /(minT) R Gec /(mg g™) Ky /[(g mg™!) min~'] R
Mn 455.45 11145 9.45 0.0324 0.9617 11111 0.0198 0.9999
Zn 248.63 61.22 424 0.0309 0.9978 61.35 0.0380 0.9999
Pb 156.88 39.18 3.80 0.1368 0.9414 39.22 0.0217 0.9999
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Figure 7. (a) Pseudo-first-order kinetic model linear fitting. (b) Pseudo-second-order kinetic adsorption (concentration of heavy metal ions, 200
mg/L; solution volume, 50.0 mL; temperature, 25 + 1 °C; DTC-SDS amount, 0.02 g, pH = 7).

Table 3. Diffusion Model Parameters of DTC-SDS

internal diffusion model

external diffusion model

metal ion C /(mg g™) K, /[mg/(g min®*)]
Mn 100.05 1.4436
Zn 56.25 0.6125
Pb 35.79 0.6258

R? intercept K//(min™") R?
0.9747 24671 0.0324 0.9617
0.9859 2.6691 0.0309 0.9978
0.9631 2.3334 0.1368 0.9414

ions.*""** Regarding why Pb*" diffuses more easily to the outer
surface and Mn>* diffuses more easily to the interior, much
literature has been reviewed; however, the phenomenon
cannot be clearly explained yet, and the reason will be
investigated afterward.

3.5. Competitive Adsorption of Heavy Metal lons.
The competitive adsorption capacity of DTC-SDS in the
ternary metal species system is investigated. As shown in
Figure 9, the equilibrium adsorption amounts of Pb**, Mn*",
and Zn** are all reduced in the ternary system compared to
single heavy metal ion adsorption. Additionally, in a single
system, the equilibrium adsorption is Mn** > Zn>* > Pb**. This
is due to the easier diffusion of Mn>* from the surface of DTC-
SDS to the inside of DTC-SDS. In ternary systems, the

41517

equilibrium adsorption is Pb** > Zn** > Mn?*. The preferential
adsorption of Pb** greatly reduces the adsorption amounts of
Mn** and Zn>*. However, the adsorption of Pb** is less
influenced by Mn*" and Zn?*, while the adsorption amounts of
Mn?*" vary the most. These results indicate that DTC-SDS is
suitable for the preferential adsorption of Pb*" in multiple
heavy metal ion solutions.

The origin of the selective adsorption of Pb*' in ternary
systems is further discussed. The equilibrium adsorption
amounts of heavy metal ions are correlated with some factors,
such as electronegative, atomic number, ionic potential, and
ionic radius, etc. Because it is difficult to order the heavy metal
ions based on a single factor as described above, a concept of
the covalent index is proposed by Nieboer and Richardson-
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Figure 8. (a) Linear fitting of external diffusion model and (b) linear fitting of internal diffusion model (concentration of heavy metal ions, 200
mg/L; solution volume, 0.0 mL; temperature, 25 + 1 °C, DTC-SDS amount, 0.02 g, pH = 7).

o0 [A—avm) ligand complex stability in an aqueous solution involving metal
——qt(Zn) ions. The larger the covalent index, the more stable the
sof @ covalent bonds formed between the metal ions and DTC-SDS.
The covalent indices of the three heavy metals are ranked as
%40 [ follows: Pb** (3.41) > Zn** (2.04) > Mn>* (1.94), which is the
Eqof same as the order observed from the adsorption experiments
S with DTC-SDS as adsorbents in ternary systems. Thus, these
20r results further demonstrate that the good adsorption perform-
10k ance of DTC-SDS originates from the formation of the metal—
ligand complex, and the preferential adsorption of Pb** can be

oL . '

100 150 200 250

t (min)

0 50

Figure 9. Kinetics of competitive adsorption of heavy metal
ions(concentration of heavy metal ions, 200 mg/L; solution volume,
50.0 mL; temperature, 25 & 1 °C; DTC-SDS amount, 0.02 g, pH =
7).

(HSAB theory).*’ The covalent index is a parameter computed
using the following expression: X.r, where X, is electro-

attributed to the higher covalent bonding ability of Pb*".

3.6. Analysis of the Adsorption Mechanism. As seen
from Figure 10, the adsorption process is divided into three
stages: (1) External diffusion stage. Heavy metal ions rapidly
transport onto the surface of DTC-SDS; (2) Internal diffusion
stage. Heavy metal ions diffuse to the inside of DTC-SDS; (3)
Active site adsorption. This is the rate-limiting step and the
final equilibrium step due to the lower concentration of heavy

metal ions in the aqueous solution. Stage 1 and stage 2 are
44,45

negativity and r is ionic radius."* XZr is an index of metal—

physical processes, and stage 3 is a chemical process.
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Figure 10. Analysis of the process of DTC-SDS to remove heavy metal ions.
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Figure 11. SEM images of precipitates (a) in the single heavy metal ion solution and (b) in the ternary solution.

DTC-SDS uses S-atoms in the polar groups of the structure
to trap heavy metal ions, which then generate chemical bonds
to produce insoluble covalent chelates, forming a quaternary
ring with a heavy metal core.”® The spatial assignment of the
electron-giving group around the central ion plays a decisive
role in the angle of the bonding orbital assignment of the metal
ion."” For example, Zn has an electronic structure of 3d'%4s>
and loses two electrons from the 4s orbital to form a zinc ion.
When reacting with DTC-SDS, the 3d orbital of the zinc ion is
saturated and therefore forms an sp® orbital with a positive
tetrahedral configuration and a central ion coordination
number of 4.** The trapping agent combines with metal ions
with dsp® sp?, and d’sp® valence bonding orbitals to form
different spatial structures such as ortho-tetrahedra and ortho-
octahedra to produce insoluble chelated precipitates for the
separation of heavy metals in wastewater."”

Figure 11 presents the SEM images of the precipitates.
Figure 11a shows the precipitates of DTC-SDS in the single
heavy metal ion solution, and Figure 11b shows the
precipitates in the ternary solution. The precipitates are
dispersed macromolecular particles and formed large com-
plexes. The difference in the morphology of the two
precipitates may be due to DTC-SDS forming a larger
precipitate in the ternary solution.

Figure 12 shows the FT-IR spectrum of DTC-SDS-Mn, Zn,
and Pb after adsorption. Compared with the FT-IR spectrum

—— DTC-SDS
——DTC-SDS-Mn, Zn and Pb

T%

-OH

4000 3000 2000 1000 0
Wavenumbers (cm™)

Figure 12. FT-IR spectra of DTC-SDS and DTC-SDS-Mn, Zn, and
Pb.

of DTC-SDS, the absorption peak of the stretching vibration of
the C—S bond is displaced from 1640 to 1377 cm™ with
decreased intensity. This may be because that when C—S, the
main group of DTC-SDS, chelates with Mn, Zn, and Pb, the S
atoms form coordination bonds through the lone pair of
electrons, the electronegativity of the S atoms decreases, and
the conjugation system of C—S is changed, thus causing
changes in the peaks Meanwhile, the C—O vibrational
stretching peak also shifts from 1400 to 1124 cm™'. These
results could be attributed to the formation of coordination
bonds between S atoms and heavy metal ions, indicating the S
sites of C—S bonds play an important role in good adsorption
performance.

The chemical composition of the precipitates obtained after
the adsorption in the ternary solution is investigated by XPS.
As illustrated in Figure 13a, the signals of C, S, O, Mn, Zn, and
Pb are present in the XPS survey spectra of DTC-SDS. High-
resolution XPS spectra of S 2p (Figure 13b) can be
deconvoluted into three peaks (162.38, 166.38, and 169.08
V), corresponding to S—Pb, S—Mn, and S—Zn, respec-
tively."”>' The Mn 2p spectrum (Figure 13c) reveals the
existence of Mn—S 2p, 2 and 2p;/, located at 643.38, and
654.58 eV, respectively.”” The Zn 2p spectra (Figure 13d)
contains two peaks located at 1022.08 and 104S. 08 eV
corresponding to Zn 2p;/, and Zn 2p;),, respectively.”> The
peaks at 138.78 and 143.68 €V are attributed to Pb 4f (Figure
13e).”" The above results indicate that DTC-SDS traps heavy
metals mainly through the S sites of C—S bonds because of the
coordination interaction between S and heavy metal ions. The
results are in general agreement with the results from FT-IR
spectroscopy.

4. CONCLUSIONS

In conclusion, DTC-SDS was successfully synthesized via the
graft polymerization method, and the C—S bond was grafted
onto the SDS skeleton. It was then used as an effective
adsorbent in the removal of heavy metal ions. The results
showed that the DTC-SDS has a high adsorption capacity on
Mn?*, Zn**, and Pb*" with significantly high removal rates of
97.99%, 98.48%, and 99.91%, respectively. The adsorption
capacity of DTC-SDS was influenced by pH and dosage, with
the optimized pH and dosage being 7 and 0.02 g, respectively.
In addition, the adsorption isothermal model showed that the
adsorption process was typical of Langmuir monomolecular
layer adsorption, and the kinetic data fitted well with the
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(a) survey spectrum, (b) S 2p, (c)Mn 2p, (d)Zn 2p, and (e)Pb 4f.

pseudo-second-order kinetic model. The removal of metal ions
in wastewater by DTC-SDS is mainly based on the chemical
interaction between the C—S active groups and metal ions. In
mixed solutions, DTC-SDS preferentially adsorbed Pb**, and
the selective adsorption was mainly attributed to the difference
in the covalent index of the heavy metal ions. DTC-SDS is
suitable for the preferential adsorption of Pb*" in multiple
heavy metal ion solutions.
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