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Abstract: Metal ion studies in wastewater are required on a regular basis for environmental mon-
itoring and assessment. Less metal ion concentrations and the interference from complex sample
matrices remains challenging for instrumental quantification. Herein, we proposed a fix-bed solid
phase extraction method, consisting of a newly prepared dimercaptosuccinic acid functionalized
polystyrene beads. The ligand forms stable complex with Hg(II), Pb(II), and Cd(II), evident by
experimental as well as density functional theory. The metal-ligand stabilization energy calculations,
suggested the higher selectivity of polystyrene dimercaptosuccinic acid (PSDMSA) toward Pb(II)
compared to Cd(II) and Hg(II). The prepared adsorbent was utilized to enrich Hg(II), Pb(II), and
Cd(II) ions from environmental samples. Column parameters were studied in detail and optimized
accordingly. The preconcentration factor for Hg(II), Pb(II), and Cd(II) were found to be 900, with
the preconcentration limit of 0.74 µg L−1. The detection limit for Pb(II), Cd(II), and Hg(II) ions was
found to be 1.3 ± 0.2, 1.5 ± 0.3, and 1.8 ± 0.3 ng L−1, respectively. The method accuracy was tested
against systematic and continuous errors by standard addition method (<5% RSD). Real samples
was successfully analyzed following the proposed method.

Keywords: toxicity; extraction; trace metal ions; spectroscopy; density functional theory

1. Introduction

Water pollution because of the discharge of heavy metals in various forms into en-
vironmental water streams by various industrial sources has grown to be one of many
concerns worldwide. Mercury (Hg), lead (Pb), and cadmium (Cd) ranked noxious among
all hazards contained in the toxic waste sites at national priority list by the Agency for Toxic
Substances and Disease Registry (ASTDR) [1]. The acceptable limits in drinking water for
these metal ions are 2, 15, and 5 µg L−1, respectively [2]. These heavy metal ions, alone
or in combination, constitute a severe hazard to biota and human health [3–7]. Therefore,
environmental monitoring to test their contamination level and assessment of the exposure
are one of the top priorities acquiesced by WHO (World Health Organization) [8,9]. It is
essential to develop sensitive, accurate, and economical means to analyze environmental
water samples [10–14]. Metal–ligand complex formation is of special significance where
a specific ligand can selectively coordinate with the heavy metal ions in order to extract
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them from the complex sample matrix [3]. In solid phase extraction (SPE), research has
been focused on the preparation of new adsorbent materials including polymeric materials,
nano-materials, metal-organic framework, and carbonaceous materials for wastewater
remediation [15–20]. Polymeric adsorbents has been considered as a promising material,
since it has an advantage of column operation over nano-materials, and widely accept-
able in water treatment techniques [21–25]. Although several nano-materials have been
reported either in the batch mode or column operations [26–30]. However, due to very
small size (nm) and high dispersity, the use of nano-materials in column operations may
lead to adsorbent leaching during column experiments. Furthermore, the release of nano-
materials may cause toxicity to ecosystem [31,32] and requires another developed method
for their extraction.

In this work, the authors synthesized a new adsorbent fabricated by the functionaliza-
tion of chloromethylated polystyrene resin by a dimercaptosuccinic acid (DMSA) ligand
in single step (PSDMSA). DMSA, a bidentate ligand possess two carboxylic and two thiol
functionality (Figure 1). DMSA selectively binds to heavy metal ions either through the two
mercapto groups or one carboxyl and one mercapto group. The sulfur atoms of the thiol
groups in DMSA have a higher complexation ability for Hg(II), Pb(II), and Cd(II) ions. The
selectivity and coordination mechanism of prepared PSDMSA sorbent for Hg(II), Pb(II),
and Cd(II) have been studied via experimental as well as DFT studies and reported in this
work. The polystyrene resin with high surface area and porosity after functionalization
leads to high selectivity toward the studied metal ions. The prepared PSDMSA sorbent was
successfully utilized in the preconcentration of metal ions from the environmental samples.
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Figure 1. Schematic diagram showing synthesis of PSDMSA. Dimethylformamide (DMF); Triethylamine (TEA).

2. Experimental
2.1. Reagents and Solutions

The resin beads and DMSA were purchased from Merck (Steinheim, Germany). All
metal ions solutions used (1000 ppm) was obtained from Merck (Beijing, China). The model
solutions of desired concentrations were prepared from stock solution after dilution. All
glassware’s were dipped overnight in 2% nitric acid solution before use.

2.2. Equipments

The incorporation of ligand was confirmed by the Fourier transformed infrared spec-
troscopy (FT-IR, Perkin Elmer, Waltham, MA, USA). The elemental constituents was ana-
lyzed using energy dispersive X-ray analysis (Bruker, Germany). The surface area measure-
ments was carried out using Quanta chrome equipment (Boynton Beach, FL, USA) using
nitrogen gas. A Zetasizer (Malvern Instruments, Malvern, UK) was used to study zeta
potential (z). The concentrations of Hg(II), Pb(II) and Cd(II) was analyzed by inductively
coupled plasma optical emission spectrophotometer (ICP-OES, Perkin Elmer, Waltham,
MA, USA; model Avio 200).
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2.3. Computational Studies

The quantum mechanics was applied to compute the geometries, chemical stability,
bond lengths, stabilization energies, and binding energies of the free PSDMSA and metal-
coordinated PSDMSA and considering water as a solvent. The calculations were performed
using the Gaussian 09 software package [33]. For C, O, S, and H elements, the B3 LYP
command with the 6-311++G basis set was employed and the LANL2 DZ basis set for
metal ions was used [34,35]. The solvent effect was simulated by the conductor polarizable
continuum model (CPCM) [36].

2.4. Synthesis of PSDMSA Adsorbent

The chloromethylated polystyrene (PS) beads were chemically functionalized with
DMSA ligand by a simple condensation procedure, followed by nucleophile addition to
eliminate HCl molecules. In brief, 10.0 g of PS beads was soaked overnight with 50 mL
of dimethylformamide (DMF). A 10 mL solution of DMSA (1.5 g), prepared in DMF was
added to the PS solution. The whole content was bath sonicated for 15 min to mix the two
components. Afterward, the whole components was refluxed (with stirring) for 2.0 h at
70 ◦C with triethylamine (TEA catalyst) to remove the HCl bi-product. The product was
cooled down and filtered off by using a 0.22 µm filter paper. The obtained PSDMSA was
sequentially cleaned with DMF, ethanol, and deionized (DI) water to remove the reacted
DMSA ligand. The PSDMSA was oven dried at 50 ◦C for 12 h before further use. The
synthesis scheme for single unit is presented in Figure 1.

2.5. Batch Studies

The batch experiment was conducted by equilibrating the 100 mg of PSDMSA ad-
sorbent with individual metal ions (500 ppm) in a 100 mL Erlenmeyer flask, at different
sample pH (1–7). The shaking (equilibrium) time for each metal ions was 24 h. Afterward,
the concentration of remaining (un-adsorbed) analytes was determined using ICP-OES to
measure the uptaken metal ions. The uptaken metal ions at varying sample pH (Figure 2A),
were observed by using the given equation:

QpH =
(Ci −Cf)∗V

m
(1)

where, Ci and Cf—concentration of loaded and left metal ions (mg L−1), respectively; V-
sample volume (L) and m- adsorbent mass (g). The metal ions uptaken capacity of PDMSA
was 0.75 for Hg(II), 0.62 for Pb(II) and 0.66 mmol g−1 for Cd(II), at optimum pH value of
6.0 ± 0.2.
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In Figure 3 were observed zeta potential studies.
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2.6. Column Procedure for Metal Ions Preconcentration

Individual model solution (100 mL) for Hg(II), Pb(II), and Cd(II) ions, at concentration
of 10 µg L−1, was set to pH 6.0 ± 0.2. The model solutions was passed through a glass
column possess 100.0 mg of PSDMSA adsorbent, at the flow rate of 5 mL min−1, optimized
by peristaltic pump (Millipore XI0422050, Beijing, China). The concentration of uptaken
metal ions was determined by ICP-OES after elution with 3 mL of 1 M hydrochloric acid.

3. Results and Discussion
3.1. Characterization of PSDMSA

The incorporation of surface functional groups onto PS beads was observed and
confirmed by fourier transform infrared spectroscopy (FTIR) analysis. In the FTIR spectra
(Figure 4), a peak at 3200–3500 cm−1 attributes to presence of –OH group of carboxylic
acid of the DMSA ligand. The strong peak at 1700 cm−1 confirms to C=O groups. The
peak at 1350 cm−1 ascertain the C–O stretching. The peak at 2900 cm−1 represents the –CH
stretching vibrations of aromatic carbon of the PS beads, respectively. The prominent bands
obtained at 3250 cm−1 and 1025 cm−1 are corresponds to –OH and –SH stretching vibra-
tions, and confirm the successful immobilization of ligand. The nitrogen gas adsorption–
desorption isotherm is shown in Figure 5. The surface area of PSDMSA, estimated by
multipoint BET method, was observed to 44.15 m2 g−1. The elemental mapping of the
prepared PSDMS A after metal ions adsorption was obtained from the energy dispersive
X-ray spectroscopy (Figure 6), and depicts the successful adsorption of metal ions.

3.2. Optimized Experimental Variables
3.2.1. Effect of Sample pH

The sample pH is an important parameter for metal-ligand complexation. The effect
of sample pH on Hg(II), Pb(II), and Cd(II) adsorption by PSDMSA, was studied by batch
adsorption strategy. Details are given in Section 2.4. For comparative studies, a nascent PS
was also studied for metal ions adsorption following the same procedure as for PSDMSA.
The adsorption trend for PSDMSA is shown in Figure 2. For nascent PS adsorbent, no
significant adsorption was observed at all pH values (Figure 2B). The functional groups of
PSDMSA gets protonated with positive charge at acidic pH values of 1–2, which reduced
the chelating capacity with metal ions. This might be because metal ions repel protonated
binding sites electrostatically. However, at higher pH values, the adsorption of metal ions
significantly increases with the increase of pH from 3–7. This may be due the dissociation
of the H+ ions, which reduces the positive charge density on functional groups and thus,
increases the coordination ability of ligand with the metal ions. This was also observed
from zeta potential studies (Figure 3). Another important factor, promoting the metal
ions adsorption is Lewis soft-soft interaction. According to Pearson’s Hard and Soft acid
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base theory Pb(II), Cd(II), and Hg(II) are the soft acids and form favorable complexes
with the soft base (thiol groups) of the ligands [37,38]. In conclusion, at optimal pH
levels, inner-sphere surface chelation dominates strong metal ion sorption, rather than
physical adsorption [39]. Hence, pH 6 was optimized for the adsorption of metal ion in all
further experiments. Furthermore, the stability order of metal-PSDMSA complexes is also
evidenced by following the theoretical studies.

Water 2021, 13, x FOR PEER REVIEW  5  of  13 
 

 

PSDMS A after metal  ions adsorption was obtained  from  the  energy dispersive X‐ray 

spectroscopy (Figure 6), and depicts the successful adsorption of metal ions. 

 
Figure 4. FTIR spectra of PSDMSA. 

 

Figure 5. Nitrogen adsorption isotherm of PSDMSA adsorbent. 

Figure 4. FTIR spectra of PSDMSA.

Water 2021, 13, x FOR PEER REVIEW  5  of  13 
 

 

PSDMS A after metal  ions adsorption was obtained  from  the  energy dispersive X‐ray 

spectroscopy (Figure 6), and depicts the successful adsorption of metal ions. 

 
Figure 4. FTIR spectra of PSDMSA. 

 

Figure 5. Nitrogen adsorption isotherm of PSDMSA adsorbent. Figure 5. Nitrogen adsorption isotherm of PSDMSA adsorbent.



Water 2021, 13, 3056 6 of 12
Water 2021, 13, x FOR PEER REVIEW  6  of  13 
 

 

 
Figure 6. Elemental mapping image of PSDMSA after metal ion adsorption. 

3.2. Optimized experimental variables 

3.2.1. Effect of Sample pH 

The sample pH is an important parameter for metal‐ligand complexation. The effect 

of sample pH on Hg(II), Pb(II), and Cd(II) adsorption by PSDMSA, was studied by batch 

adsorption strategy. Details are given in Section 2.4. For comparative studies, a nascent 

PS was  also  studied  for metal  ions  adsorption  following  the  same  procedure  as  for 

PSDMSA. The adsorption trend for PSDMSA is shown in Figure 2. For nascent PS adsor‐

bent, no significant adsorption was observed at all pH values (Figure 2B). The functional 

groups of PSDMSA gets protonated with positive charge at acidic pH values of 1–2, which 

reduced the chelating capacity with metal ions. This might be because metal ions repel 

protonated binding sites electrostatically. However, at higher pH values, the adsorption 

of metal ions significantly increases with the increase of pH from 3–7. This may be due 

the dissociation of the H+ ions, which reduces the positive charge density on functional 

groups and thus, increases the coordination ability of ligand with the metal ions. This was 

also observed from zeta potential studies (Figure 3). Another important factor, promoting 

the metal ions adsorption is Lewis soft‐soft interaction. According to Pearson’s Hard and 

Soft acid base theory Pb(II), Cd(II), and Hg(II) are the soft acids and form favorable com‐

plexes with the soft base (thiol groups) of the ligands [37,38]. In conclusion, at optimal pH 

levels,  inner‐sphere surface chelation dominates strong metal  ion sorption,  rather  than 

physical adsorption [39]. Hence, pH 6 was optimized for the adsorption of metal ion in all 

further experiments. Furthermore, the stability order of metal‐PSDMSA complexes is also 

evidenced by following the theoretical studies. 

3.2.2. Theoretical Validation 

The optimized structures of PSDMSA and Me‐PSDMSA with their structural param‐

eters are presented in Figures 7 and 8. It is assumed that the PSDMSA forms two possible 

complexes with metal ions either by one −COOH and one −SH group (complex 1) OR by 

two ‐SH groups (complex 2). Only the simplest complexes 1 and 2 were calculated. The 

tridentate and tetra dentate complexes are not studied in this article. Comparison associ‐

ated with the bond length of free PSDMSA and metal affiliated complexes reveals that the 

C‐O and C‐S bond distances of PSDMSA varies on complex formation (Table 1). Moreo‐

ver, in Me‐PSDMSA complexes the Me‐S and Me‐O bond lengths for Pb(II), Cd(II), and 

Hg(II) for both the complexes type are mentioned in Table 1. The obtained data suggest 

that, in complex 1 and 2, Cd(II) and Hg(II) forms stronger complexes with PSDMSA than 

Pb(II). Moreover, in complex 1, the average Me‐S distances for Pb(II), Cd(II), and Hg(II) 

complexes are 2.584, 1.521, and 1.521 Å, respectively, which are less than those of average 

Me‐S distances in complex 2. This indicates that the interaction between metal ions and 

Figure 6. Elemental mapping image of PSDMSA after metal ion adsorption.

3.2.2. Theoretical Validation

The optimized structures of PSDMSA and Me-PSDMSA with their structural parame-
ters are presented in Figures 7 and 8. It is assumed that the PSDMSA forms two possible
complexes with metal ions either by one −COOH and one −SH group (complex 1) OR
by two -SH groups (complex 2). Only the simplest complexes 1 and 2 were calculated.
The tridentate and tetra dentate complexes are not studied in this article. Comparison
associated with the bond length of free PSDMSA and metal affiliated complexes reveals
that the C-O and C-S bond distances of PSDMSA varies on complex formation (Table 1).
Moreover, in Me-PSDMSA complexes the Me-S and Me-O bond lengths for Pb(II), Cd(II),
and Hg(II) for both the complexes type are mentioned in Table 1. The obtained data suggest
that, in complex 1 and 2, Cd(II) and Hg(II) forms stronger complexes with PSDMSA than
Pb(II). Moreover, in complex 1, the average Me-S distances for Pb(II), Cd(II), and Hg(II)
complexes are 2.584, 1.521, and 1.521 Å, respectively, which are less than those of average
Me-S distances in complex 2. This indicates that the interaction between metal ions and
PSDMSA in complex 1 is stronger than complex 2. It is concluded that the carboxylic/thiol
groups (Complex 1) have high affinity for metal ion complexation and act as the primary
metal ion binding sites in PSDMSA than thiol/thiol groups.
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Table 1. Optimized structural bond length of PSDMSA and Me-PSDMSA.

Binding Mode Bond Length

C-S C-O Me-S Me-O
PSDMSA 1.815 1.338 - -

Complex 1
Pb-PSDMSA 1.788 1.470 2.584 2.186
Cd-PSDMSA 1.519 1.528 1.521 1.527
Hg-PSDMSA 1.519 1.528 1.521 1.527

Complex 2
Pb-PSDMSA 1.819 1.430 2.504 -
Cd-PSDMSA 1.519 1.338 1.521 -
Hg-PSDMSA 1.811 1.338 2.996 -

Natural bond order (NBO) analysis was performed to investigate the charge transfer
phenomenon between the functional groups of PSDMSA and metal ions during complexa-
tion. The binding (Ebind) and stabilization energies (E) were calculated and are reported
in Table 2. The larger E value of M-L complex represents a higher stability. From Table 2,
Pb-PSDMSA complex shows the highest stabilization energy value, suggested the higher
selectivity of PSDMSA toward Pb(II) in comparison to Cd(II) and Hg(II).

Table 2. Calculated E(2) and E(bind) energies of PSDMSA-metal complexes.

Binding Mode Charge Transfer E(2) E(bind)

Complex 1
Pb-PSDMSA LPO→LP*PbLPS→LP*Pb 29.232 −107.865
Cd-PSDMSA LPO→LP*CdLPS→LP*Cd 8.288 −36.334
Hg-PSDMSA LPO→LP*HgLPS→LP*Hg 5.241 −29.984

Complex 2
Pb-PSDMSA LPS→LP*PbLPS→LP*Pb 33.416 −118.227
Cd-PSDMSA LPS→LP*CdLPS→LP*Cd 21.826 −42.164
Hg-PSDMSA LPS→LP*HgLPS→LP*Hg 13.901 −35.603

3.2.3. Optimized Flow Rate

A sample solution (50 mL) with 10 µg of each metal ion was run at varied sample flow
rates of 2–10 mL min−1 to optimize the column flow rate for metal ion adsorption. Figure 9
shows that the adsorption of Pb(II), Cd(II), and Hg(II) were accomplished satisfactorily up
to a sample flow rate of 5 mL min−1. When the sample flow was increased to 6–8 mL min−1,
there was a 6–10% drop in Pb(II) adsorption and an 8–15% decrease in Cd(II) and Hg(II)
adsorption. The reduction in metal ion adsorption with increased sample flow might
be attributed to shorter chelation time for the metal-ligand coordination. As a result,
5 mL min−1 of sample flow was optimized and used for sample analysis.
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3.2.4. Co-Ions Interferences and Desorption Studies

In the preconcentration of analyte metal ions, associated co-existing ions such as
alkali and alkaline earth metals often interfere. They might compete with metal ions and
interfere in the complexation reaction, thereby reducing the analyte adsorption. Moreover,
these concomitants along with analyte ions cause the interference in the instrumental
analysis. The ionic concentrations varied >±5% in the preconcentration of analyte ions
were considered to be the interferents. Aliquots (100 mL) containing individual metal ion
(10 µg) and high concentrations of concomitants were tested. The adsorbed metal ions
were eluted and sequentially analyzed by ICP-OES. Results are shown in (Table 3). It was
observed that the percent recovery of analytes are well above 96%, indicating that there
were no significant interferences by concomitants in the analysis of target ions.

Desorption of metal ions from column bed was performed using HCl and HNO3 with
varying concentrations (0.5–2.0) and volumes (1–5 mL). We found that 1 M HCl (3 mL)
would completely elute the Pb(II), Cd(II) and Hg(II) ions, from the column bed with >99%
extraction. Therefore, 3 mL of 1 M HCl was optimized for stripping of metal ions.

Table 3. Analytical data for interference studies (volume 100 mL; pH 6; metal ion 10 µg; PSDMSA amount 100 mg; flow rate
5 mL min−1; eluent volume 3 mL).

Foreign Ions Co-Ions Added (×103 µg L−1)
Recovery % (RSD) a

Hg(II) Pb(II) Cd(II)

CO3
2−, SO4

2−, PO4
2−, NO3

− 400 97.5 (1.25) 96.1 (1.96) 97.2 (1.88)
Cl−, Br− 650 98.5 (2.27) 97.1 (2.16) 99.6 (2.73)

Na+, K+, Ca2+, Mg2+ 600 98.5 (1.86) 99.6 (2.14) 98.3 (2.19)
Co2+, Ni2+, Cu2+, Zn2+ 150 96.8 (2.25) 97.5 (3.12) 97.3 (3.25)

a N = 3.

3.2.5. Preconcentration Studies

Samples with varying sizes (1500, 2000, 2500, 2700, 3000, and 3200 mL at pH 6.0)
containing 2 µg of individual metal ions were flowed through PSDMSA packed column
at a flow rate of 5 mL min−1. The effluent collected was discarded. The adsorbed metal
ions was eluted and the concentration of metal ions was analyzed by ICP-OES. From
the obtained data it was found that Pb(II), Cd(II), and Hg(II) ions were quantitatively
recovered up to a sample volume of 3000 mL with metal ions recovery of 99.0 ± 5%,
therefore, suggesting a preconcentration limit of 0.74 µg L−1, with the preconcentration
factor of 900 (2700 mL sample divided by 3 mL eluent). At sample volume of 3000 mL, the
analyte adsorption was reduced to 92% for Pb(II) and Cd(II) and 85% for Hg(II). Because
of the increased preconcentration factor, the adsorbent might be used with any detection
approach, whether offline or online. The presence of a high number of hydrophilic groups
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on the adsorbent increased the preconcentration factor by making it easier to achieve
equilibrium between active sites and metal ions in aqueous solutions.

3.3. Analytical Figures of Merits

After the preconcentration operation, the calibration plots were linear in the range
of 0.01–100 µg L−1. The correlation coefficient (R2) obtained was at least 0.999. To ensure
accuracy, the standard addition procedure was used. With a RSD (relative standard
deviation) value of 3.5–5%, the recovery of spiked amounts (Pb, Cd, Hg) were close to
99.9%. Table 4 displays the findings. At a 95% confidence level, the Student’s t-test values
determined here, were found smaller than the critical t values (4.303, n = 5) (Table 4). Five
repeated analysis with 5 µg of analyte ions with 50 mL solutions were used to validate the
method’s accuracy. The method’s accuracy is shown by the lower value of coefficients of
variation (5%). The slope of the calibration curves is referred to as sensitivity. The method
LOD (limit of detection) for Pb(II), Cd(II), and Hg(II) ions, calculated as 3s/m (s- standard
deviation; m slope), were determined to be 1.3 ± 0.2, 1.5 and 1.8 ± 0.3 ng L−1, respectively.

Table 4. Analysis of real samples after column preconcentration (volume 100 mL; pH 6; PSDMSA amount 100 mg; flow rate
5 mL min−1; eluent 3 mL of 1 M HCl).

Samples Analyte Value after
Preconcentration a (µg L−1)

Amount
Spiked (µg)

Amount
Found b

Value of
t-Test % Recovery

River Water

Hg(II) 2.8 ± 0.07 5
10

7.7 ± 0.52
12.8 ± 0.41

0.48
0.55

98.7
100

Pb(II) 5.6 ± 0.13 5
10

10.6 ± 0.89
15.45 ± 1.13

0.75
0.82

100
99.0

Cd(II) 3.7 ± 0.05 5
10

8.66 ± 0.58
13.68 ± 0.45

1.17
0.43

99.5
99.8

Electroplating
Wastewater

Hg(II) 18.6 ± 0.83 5
10

23.5 ± 1.4
28.6 ± 1.8

1.04
0.95

98.8
100

Pb(II) 24 ± 0.81 5
10

28.8 ± 0.7
34.0 ± 1.5

1.34
2.11

99.3
100

Cd(II) 28 ± 0.82 5
10

32.7 ± 0.84
38.1 ± 1.81

1.88
1.96

99.0
100.2

Tap Water

Hg(II) Not detected 5
10

5.0 ± 0.73
10.02 ± 0.98

1.56
0.88

100
100.2

Pb(II) Not detected 5
10

5.0 ± 0.3
10.2 ± 0.1

0.85
0.49

100
102

Cd(II) Not detected 5
10

5.1 ± 0.43
10.0 ± 1.91

1.45
1.41

102
100

a Mean value ± standard deviation; b µg g−1; N = 3.

3.4. Application of the Method

Three environmental samples were subjected to the devised preconcentration method.
The sorbed metal ions were eluted and examined by ICP-OES after preconcentration.
Table 4 shows the amounts of Pb(II), Cd(II), and Hg(II) measured in genuine samples. The
analytes that were retained were analyzed with a 95% confidence interval. With a RSD of
3.5–4.5%, the mean percent recoveries vary from 98.7–102%. With an average error of 3%,
the new method demonstrated high repeatability.

4. Conclusions

We proposed a new SPE column packed with thiol-immobilized polystyrene grains
for the selective extraction of metal ions. The sorption behaviors of the prepared sorbent
was evaluated for toxic metal ions. The sorbent shows efficient and fast sorption behavior
in aqueous solutions. The proposed method shows the fair preconcentration limit of
0.74 µg L−1, for Hg(II), Pb(II), and Cd(II). The metal ions sorption mechanism was revealed
by studying the effect of sample pH. The Ebind value for Pb(II) (−118.227 Kcal mol−1) was
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higher than the Ebind of Cd(II) (−42.164 Kcal mol−1) and Hg(II) (−35.603 Kcal mol−1),
suggesting that the PSDMSA forms more stable complex with Pb(II) compared to Cd(II)
and Hg(II) ions. A comparative data of this study with other reported methods has been
provided in Table 5, to make the manuscript potential for the valued readers. The obtained
results highlights the usefulness of surface functionalization and expands the potential
applicability of the prepared column for selective extraction and routine analysis of toxic
metal ions from real samples.

Table 5. Comparative analytical data of presented work with other recent reports.

Adsorbent Metal Ions Method Preconcentration
Limit

Preconcentration
Factor (µg L−1) Ref.

PSDMSA Pb; Cd; Hg SPE/ICP-OES 0.74 900 This work
GO-APA Pb; Cd; Cu SPE/ICP-OES 0.45; 0.45; 0.40 733; 733; 833 [40]

APBC Cu; Pb; Cd SPE/ICP-OES 0.34; 0.37; 0.37 580; 540; 540 [41]
XAD-4 Cu; Ni; Pb SPE/ICP-OES 0.31; 0.42; 0.43 Not reported [42]
F-CNT Pb SPE/FAAS 1.2 94 [43]
MNPC Pb; Cd SPE/ICP-MS 0.49; 3.1 Not reported [44]
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