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Abstract: We report the facile hydrothermal synthesis of polyaniline (PANI)-modified molybdenum
disulfide (M0S;) nanosheets to fabricate a novel organic-inorganic hybrid material. The prepared
3D nanomaterial was characterized by field emission scanning electron microscopy, high-resolution
transmission electron microscopy, energy-dispersive X-ray spectroscopy and X-ray diffraction studies.
The results indicate the successful synthesis of PANI-MoS, hybrid material. The PANI-MoS, was
used to study the extraction and preconcentration of trace mercury ions. The experimental conditions
were optimized systematically, and the data shows a good Hg(Il) adsorption capacity of 240.0 mg g~
of material. The adsorption of Hg(Il) on PANI-MoS, hybrid material may be attributed to the
selective complexation between the-S ion of PANI-MoS, with Hg(II). The proposed method shows a
high preconcentration limit of 0.31 pg L= with a preconcentration factor of 640. The lowest trace
Hg(II) concentration, which was quantitatively analyzed by the proposed method, was 0.03 pg L1
The standard reference material was analyzed to determine the concentration of Hg(II) to validate the
proposed methodology. Good agreement between the certified and observed values indicates the
applicability of the developed method for Hg(Il) analysis in real samples. The study suggests that the
PANI-MoS, hybrid material can be used for trace Hg(II) analyses for environmental water monitoring.

Keywords: toxicity; polyaniline; mercury; adsorption; MoS,

1. Introduction

Mercury (Hg(II)) is one of the most toxic metal pollutants found in the environment and ranks
third after arsenic and lead in the National Priorities List of the Agency for Toxic Substances and
Disease Registry (ATSDR) [1-3]. The Hg(II) contamination of ground and surface water results from
geochemical reactions and anthropogenic activities such as improper dumping of electronic waste,
thermometer, barometer and mercury lamp waste. Human exposure to metal ions, including Hg(II),
can occur during occupational activities, mainly through inhalation and dermal routes in mining and
industry, and over a lifetime, from water and food consumption and exposure to soil, dust and air [4,5].
Long-term consumption of drinking water contaminated with Hg(II) can be associated with increased
risk of cancers, reproductive problems, detrimental effects on the human brain, blood circulation,
immune and reproductive systems and cardiovascular disease [2,6,7]. Therefore, to minimize these
risks, the United States Environmental Protection Agency (USEPA) has set the maximum permissible
limit of 2 ug L1 [8].

Modern analytical techniques such as X-ray fluorescence, atomic absorption spectrometry,
inductively coupled plasma atomic emission spectrometry, and inductively coupled plasma mass
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spectrometry have been widely used for the analysis of Hg(II) [9-11]; however, direct determination of
Hg(Il) in real aqueous samples is challenging due to their low concentrations and complexity of sample
matrices [12]. Therefore, preliminary extraction and preconcentration steps are often necessary before
instrumental determination. Various separation methods such as solvent extraction, hydride generation,
electro-coagulation, precipitation, cloud point extraction and solid-phase extraction (SPE) are employed
to extract metal ions [13-17]. SPE is a preferred procedure because of its advantages such as easy
operation, the negligible use of organic solvents, complete desorption of analytes, high preconcentration
factor, and used in both batch and column modes [18,19]. Adsorption of the analyte onto nanomaterials
in SPE is considered an efficient process based on factors like the high surface area of sorbent,
efficient adsorption capacity, and easy functionalize activity [20-23]. Nanomaterial-based adsorbents
have been extensively researched in the past two decades to find new solutions or to enhance the
existing solutions in environmental water remediation [21,24-26]. In recent years, two-dimensional (2D)
nanostructures such as metal chalcogenides, metal hydroxides, and double-layered metal hydroxides
have attracted tremendous interest due to their high surface area and a porous structure with large
surface active sites [27-32]. However, the critical drawback of directly employing these 2D materials in
the SPE column is its small size and dispersion in aqueous media, leading to loss of adsorbent during a
column operation. Moreover, for the effective deployment of 2D nanostructures, they must prevent
stacking. The weak interlayer bonding and low free spacing cause the stacking of nanosheets in the
SPE column.

In the present work, we fabricate a blend of 3D hybrid material (organic-inorganic composite)
made from 2D MoS; and a 1D polymer polyaniline (PANI) via in situ oxidative polymerization of
PANI with exfoliated MoS, nanosheets to overcome the limitations mentioned above. The integration
of MoS, nanosheets with PANI restricts the nanosheets leaching from the column and provide stability
in aqueous media. Wang et al. reported the polyaniline/zirconium composite to remove organic
pollutants [33]. Similarly, Gao et al. reported the hybrid polyaniline/titanium phosphate composite to
remove Re(VII) [34]. Moreover, there are no reports on Hg (II) extraction using PANI-MoS; hybrid
material. The extensive and profound studies are carried out using PANI-MoS, hybrid nanomaterial
to develop a column SPE method for the extraction of trace Hg(Il). The accuracy and applicability of
the developed method were validated by analyzing the certified reference material and by spiking of
real environmental water samples.

2. Experimental Details
2.1. Materials and Methods

2.1.1. Chemicals and Reagents

All the chemicals used were of analytical grade. Sodium molybdate (Na,M0QO,-2H,0), ammonium
persulfate (NH4)2S,0g) and hydrochloric acid were purchased from Thermo Fisher Scientific, New Delhi,
India. Thioacetamide (C;HsINS), silicotungstic acid AR [H(Si(W301)4)-xHO] and aniline (C¢HsNHo),
with 99% purity, were purchased from Sigma Aldrich (Steinem, Germany). A stock solution of divalent
mercury ions (Hg(NOs);) of 1000 mg L1 was bought from Agilent (Melbourne, Australia) and used after
successive dilutions. A 1M of HNO; and NaOH solution was used to adjust the sample pH.

2.1.2. Synthesis of PANI-MoS, Hybrid Material

The PANI-MoS, hybrid material was synthesized in two steps. In the first step, MoS, nanosheets
were hydrothermally synthesized. Briefly, 0.2 mM of sodium molybdate, 1.8 mM of thioacetamide
and 5.6 mM of silicotungstic acid were dissolved in 100 mL of deionized water. The reaction mixture
was kept in 250 mL of Teflon-coated hydrothermal assembly and heated at 220 °C for 24 h using an
air oven. The obtained MoS, nanosheets (0.2 g) were ultrasonicated using probe sonicator in 20 mL
of deionized water for 40 min at 27 °C. In the second step, the in situ oxidative polymerization of
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aniline monomers was carried out onto presynthesized MoS; nanosheets using ammonium persulfate
oxidizer. In this process, 4 mL of aniline monomer, 6 mL of HCI and 40 mL of deionized water were
stirred together and refrigerated for three h. The cooled reaction solution was added to the exfoliated
(ultrasonicated) MoS; nanosheets solution. The formed suspension was stirred in an ice bath (-5 °C)
for 30 min. Finally, 10 mL of ammonium persulfate (0.2 M) was added dropwise in the suspension and
continuously stirred for 3 h. The obtained solution was filtered, and the residue was washed with
deionized water and ethanol. The residue was dried in a vacuum at 60 °C for 12 h. The obtained
PANI-MoS, hybrid material was characterized and studied for Hg(II) adsorption properties.

2.2. Material Characterization

The surface morphology and structural properties were observed using a scanning electron
microscope (FE-SEM, Zeiss, Sigma, Tokyo, Japan) and high-resolution transmission electron microscopy
(HR-TEM F30 S-Twin TECNAI FEI, Tokyo, Japan) operating at an acceleration voltage of 300 kV.
Samples for HRTEM characterization were prepared by dispersing the material powder into ethanol by
ultrasonic treatment. Rigaku Smart Lab X-ray diffractometer with Cu K radiation at 1.540 A in the 20
range of 20-90° is used to study crystal structure and phase determination. The Brunauer-Emmett-Teller
(BET) surface area measurements were carried out using an Autosorb-iQ one-station (Quantachrome
Instruments, Boynton Beach, FL, USA). The nitrogen gas was used for sorption and desorption analysis
at low relative pressures. The surface charge of the materials was investigated by Zeta potential (z)
measurements on a Zetasizer (Malvern Instruments, Malvern, UK). A Shimadzu TGA-50 thermal
analyzer was used to conduct thermal gravimetric analysis (TGA) at a heating rate of 10 °C/min
from 27 °C to 650 °C. A Perkin Elmer inductively coupled plasma optical emission spectrometer
(ICP-OES model Avio 200, Melbourne, Australia) was used to analyze the Hg(Il) concentrations.
The ATR-IR (attenuated total reflectance infrared spectroscopy) (Vertex 70v, Bruker, Ettlingen, Germany)
analysis of PANI-MoS, adsorbent, before and after Hg(II) adsorption, were carried out in the range of
400-4000 cm™! (with the accumulation of 60 scans). The surface elemental analysis was carried out
using X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250Xi, Waltham, MA,
USA). The studies were performed in a binding energy range of 0-1400 eV. MgK alpha was used as an
X-ray source at 1253.6 eV with a detection angle of 45° and a depth of 10 nm.

2.3. Recommended Column Procedure

A polytetrafluoroethylene column (Length = 10 cm; diameter = 1 cm) (Merck, Shanghai, China)
packed with 0.5 g of PANI-MoS; hybrid material (bed height = 1.6 cm) was used for the column
through experiments. A bench of model solutions (100 mL) of desired Hg(Il) concentration maintained
at pH 6.0 using 1 M of HNO3 and NaOH solution were percolated through the column bed at a flow rate
of 8 mL min~! using a peristaltic pump (Scenchen, Hebei, China). The adsorbed Hg(II) was stripped
out using a 5 mL of 0.5 M HCI, and the concentration of adsorbed Hg(II) was analyzed by ICP-OES.

3. Results and Discussion

3.1. Characterization

The surface morphology of MoS, and PANI-MoS, hybrid composite is shown in Figure 1A,B.
Figure 1A shows the MoS, nanosheets arranged in a flower-like structure with porous morphology.
Figure 1B shows that PANI uniformly bounded the MoS; sheets. The resulting PANI-MoS, structure
had a long tube-like morphology with a rough surface due to constituted nanoparticles, indicating that
the PANI-MoS, may provide additional binding sites for Hg(Il) adsorption. The difference in the
HRTEM images of Figure 1C,D reveals that the PANI was successfully immobilized on MoS, nanosheets.
From Figure 1C,D, the two contrasted regions, the dark region representing MoS, nanosheets, nearby many
ultrathin single MoS; nanosheets, were also present, and the lighter region represents PANI nanofibers.
Figure 2A,B illustrates the SEM and EDX spectra of PANI-MoS, after Hg(Il) adsorption. Figure 3A,B
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shows the X-ray diffraction (XRD) pattern of MoS, and PANI-MoS,. The diffraction peaks observed at
26 =13.10, 32.70, 35.15, 41.50 and 59.50 corresponds to the (002), (100), (103), (015) and (110) planes of
MoS; (Figure 3A). The d-spacing of MoS; calculated using Bragg’s law was found to be 6.71 A. From the
XRD data (Figure 3B), the interlayer spacing of MoS, nanosheets in PANI-MoS, hybrid material was
found to be 6.24 A. The observed data depicted that the aniline forms mono and bilayers structures on
MoS, and the polymerization of intercalated aniline monomer reduces the interlayer distance from 6.71 to
6.24 A. It was suggested that the polymerization of aniline occurs outside the MoS, nanosheets. Also,
the PANI-MoS; hybrid material was less crystalline than bare MoS, attributes to flexible PANI-MoS,
hybrid structure with an amorphous surface. The nitrogen gas adsorption—desorption analysis was
carried out to characterize the physical properties of the adsorbent; the nitrogen isotherms are shown in
Figure 4. The average surface area calculated by the Brunauer-Emmett-Teller (BET) method was found to
be 29.0 m? g~!. The thermal analysis of PANI-MoS, under air atmosphere was carried out to study the
thermal stability. It was observed that the material has thermal stability, up to a temperature of 320 °C
(Figure 5). The TGA shows minor weight loss around 100-120 °C, which may occur due to interlayer
water content loss. The major weight loss commences at 320-600 °C may be attributed to the oxidative
degradation of the polyaniline component of the PANI-MoS, hybrid material. The ATR-IR spectra of
PANI-MoS, before and after Hg(II) adsorption is shown in Supplementary Materials Figure S1. The peaks
observed at 1600, 1485, 1290 and 1150 cm™! in the spectra of PANI-MoS, were attributed to the stretching
vibrations of the C—C ring, C-H bending and C-N stretching vibrations of the quinoid and benzenoid ring
of PANI, respectively. The characteristic MoS, peak was observed at 468 cm™!. The small peak observed
at 798 cm~! was corresponds to S-S stretching vibration. After Hg(Il) adsorption, the weak intensity
peak observed at 450 cm™! may be attributed to Hg-S stretching vibration. The elemental composition of
PANI-MoS; was further examined by XPS analysis. Figure 6A,B shows the XPS survey of PANI-MoS,
before and after Hg(Il) adsorption. In Figure 6A, the peaks at binding energies of 162.0, 229.1, 285.0, 395.0
and 532 eV correspond to S 2p, Mo 3d, C 1s, N 1s and O 1s, respectively. In Figure 6B, the presence of Hg
4f peak at a binding energy of 100.6 eV attributes to the adsorption of Hg(II) onto PANI-MoS; adsorbent.

Figure 1. Scanning electron microscope image of (A) bare MoS,; (B) polyaniline/molybdenum
disulfide hybrid nanomaterial (PANI-MOS,); and transmission electron microscopy image of (C) MoS,;
and (D) PANI-MOS,.
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Figure 2. PANI-MoS, after Hg(II) adsorption (A) FESEM image (B) EDX spectra.
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Figure 3. XRD diffraction pattern of (A) MoS,; and (B) PANI-MoS,.

120

100

L =

=]
(=]

Volume adsorbed (cm3 9'1}
& 8

4
M

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Pp)

]
(=1

4 aAAAAAAAAAL

Figure 4. Nitrogen adsorption isotherm of PANI-MoS, adsorbent.
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Figure 5. TGA profile of bare MoS, and PANI-MoS;.
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Figure 6. X-ray photoelectron spectra of PANI-MoS, (A) before Hg(II) adsorption and (B) after
Hg(II) adsorption.

3.2. Optimized Sample pH and Adsorption Mechanism

The solution pH plays an essential role in the adsorption of the analyte by influencing the surface
charge of adsorbent and metal ion species distribution. Optimum pH can reduce the interferences
caused by the sample matrix and improves the method selectivity. Therefore, the optimization of
sample pH is the first step. The adsorption of Hg(ll) on PANI-MoS, was studied in the pH range
of 1.0-7.0. Basic sample pH (pH 8.0 to 10.0) was avoided due to the formation of Hg precipitates.
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A bench of model solutions (volume 100 mL), each containing 100 ppm of Hg(II) maintained at pH
1.0-7.0 (using 1 M of HNO3; and NaOH solution), was passed through columns packed with 0.5 g
of PANI-MoS, hybrid material. The adsorbed Hg(II) was eluted and subsequently determined by
ICP-OES. As shown in Figure 7A, the PANI-MoS; hybrid material shows Hg(II) adsorption at a wider
pH range. It can be seen that the Hg(Il) adsorption at low pH values (up to pH 3) was not much
affected and increased quickly after pH 4 and reached a maximum at pH 6.0-7.0. A complete recovery
ca. 100% was observed at pH 6.0-7.0. The adsorption of Hg(Il) mainly occurs on the active sites of
PANI-MoS, composite via favorable chelation of Hg(II) with sulfide ions of PANI-MoS,, in addition to
the amine and imine functionalities of PANI. The intrinsic sulfur ions of PANI-MoS, hybrid material
are the primary binding sites for the adsorption of Hg(Il). At low pH values, the PANI-MoS, hybrid
material shows less adsorption of Hg(II) due to the protonation of active/binding sites. At higher
sample pH, the-S ions get deprotonated, and the soft-soft interaction between the -S ions and Hg(1II)
dominates thereby, increases the Hg(II) adsorption [35,36]. To better understand such observations,
the surface charge of PANI-MoS, was measured (Figure 7B). For comparison, the zeta potential of
nascent MoS, and PANI were also presented in Figure S2. The results of zeta potential indicate that at
pH values 1.0-5.0, the PANI-MoS, surface was positively charged, resulting in weaker interaction
between the surface groups and Hg(Il) and above pH 5.0, the presence of negative charge on the surface
of PANI-MoS, hybrid material, leading to the efficient adsorption of Hg(Il) which is appropriate
following the adsorption results (Figure 7A). In conclusion, the chelation of Hg(II) with the -S ions of
PANI-MoS; hybrid material and the electrostatic interactions are the primary adsorption mechanisms
for Hg(Il); thus, pH 6.0 was chosen for the adsorption of Hg(Il) in further experiments.
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Figure 7. (A) Effect of sample pH on the adsorption of Hg(Il); (B) zeta potential of PANI-MOS;
adsorbent (experimental conditions: sorbent amount 0.5 g; sample volume 100 mL; flow rate 8 mL min~?,

Hg?* 100 mg L71).
3.3. Preconcentration and Breakthrough Studies

Due to the ultra-low concentration of Hg(II) ions, direct instrumental determination of Hg(II)
contamination level in surface and ground waters is challenging. Therefore, a preconcentration
technique is a prerequisite to improve the analyte concentration by transforming it from a large
sample volume to a smaller one. To analyze the preconcentration limit and preconcentration factor
of the developed method, a series of model solutions with varying sample volume (1500-4000 mL),
each contains a fixed amount of 1.0 pug of Hg(Il) and maintained at pH 6.0, were passed through the
column at a flow rate of 8 mL min~!. The sorbed Hg(II) was then eluted using a suitable eluting
agent, and the amount of Hg(II) was determined by ICP-OES. Table 1 illustrated the obtained results.
It was observed that the quantitative recovery of Hg(Il) was achieved within a sample volume of
3200 mL while on increasing the sample volume to 3500-4000 mL, the percent recovery of Hg(II)
noticeably decreased to 90-85%. Thereby, a high preconcentration limit of 0.31 ug L~! was obtained
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with a preconcentration factor of 640. Such a high preconcentration factor is necessitated for column
preconcentration of trace metal ions. A 5000 mL of sample volume containing 10 mg L' of Hg(II) was
passed through the column under optimum conditions to study the breakthrough curve. The fractions
of effluent were collected at certain time intervals and analyzed by ICP-OES. Figure 8 shows the
breakthrough curves for the analyte ion. The breakthrough volumes for Hg(II) at which the analyte
concentration is about 3-5% of initial metal concentration were found to be 4000 mL. The breakthrough
capacity obtained is very close to the column adsorption capacity, suggesting the potential application
of PANI-MoS, adsorbent for continuous column operation.

Table 1. Analytical data of preconcentration and breakthrough studies (column parameters: sample
pH 6; flow rate 8 mL min~'; eluent vol. 5 mL; sorbent amount 0.25 g).

Preconcentration Studies Breakthrough Studies

Sample Hg(II) E(%) 2 PLP PF ¢ Column Breakthrough  Breakthrough
Volume (mL)  Amount (ug L) Adsorption Volume (mL)  Capacity

(ug L) Capacity (mg g~1) (mg g™1)
1500 0.66 100 0.66 300
2000 0.50 100 0.50 400 240.0
2700 0.37 100 0.37 540
3200 031 100 031 640 4000 1605
3500 0.29 90 - -
4000 0.25 85 - -

@ Extraction percentage; b Preconcentration Limit; ¢ Preconcentration Factor.

1.2 -

1000 2000 3000 4000 5000

Volume of effluent (mL)

Figure 8. Breakthrough curve for the adsorption of Hg(II) (experimental conditions: sorbent amount
0.5 g; pH = 6.0; flow rate = 8 mL min~!, Hg?* 10 mg L™1).

3.4. Amount of Sorbent and Choice of Eluent and Concentration

The effect of adsorbent dosage on the column preconcentration of Hg(Il) was investigated from
0.1 to 1.0 g of the PANI-MoS;-packed column. A model solution of Hg(II) (sample vol. 100 mL;
Hg?" = 10 mg L~!) was passed through the column, following the optimized experimental conditions.
It was observed that by increasing the adsorbent amount from 0.1 to 0.25 g, the percent recovery
of Hg(Il) increases and reached 100% at 0.25 g of adsorbent; and remains constant up to 1.0 g of
PANI-MoS, (Figure 9). For subsequent experiments, 0.5 g of adsorbent was optimized for the rest of
the experiments. The complete desorption of adsorbed metal ions using a suitable eluent is necessary
to reuse the column for the next adsorption cycle. A different eluting agent such as acetic acid,
hydrochloric and nitric acids with varying concentration (0.25-1.0 M) and volumes (2-5 mL) was



Polymers 2020, 12, 2731 9of 14

passed through the column with a flow rate of 2 mL min~!. The eluent solution of hydrochloric
and nitric acids resulted in the varying recovery of Hg(Il) (Figure 10); among them, 5 mL of 0.5 M
hydrochloric acid at a flow rate of 2 mL min~! suitably desorbed the Hg(Il) (recovery > 99.9%) and
prepared the column for next adsorption experiments. Therefore, 5 mL of 0.5 M hydrochloric acid at a
flow rate of 2 mL min~! was used as eluent for further experiments.

100 - L ®
g 75 1
3
= 50 4
-
L
-
=4
25 -
'l]' L] I L] I L]
0 0.2 0.4 0.6 0.8 1
Adsorbent amount (g)

Figure 9. Effect of adsorbent amount on the adsorption of Hg(II) (experimental conditions: sample
volume 100 mL; pH = 6.0; flow rate 8 mL min~}; Hg2+ 10 mg L‘l).

EHCI ®mHNO; 8CH:COOH
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£ s00
g 60.0
<
B 400
= 200
=
= 0.0
0.25M 0.5M 1.0M
Eluent type and concentration

Figure 10. Effect of type and concentration of eluting agents on the desorption of Hg(II) (experimental
conditions: sample volume 100 mL; pH = 6.0; flow rate 8 mL min~}; Hg2+ 100 mg L_l).

3.5. Influence of Column Flow Rate on Preconcentration Efficiency

The sample flow in the analyte adsorption alters the analyte extraction efficiency and rules the
analysis time. Generally, an optimized sample flow permits an equilibrium between the metal ions
and the column adsorbent to facilitate the adsorption performance. The effect of flow rate on the
adsorption of Hg(Il) was investigated by varying sample flow rates from 2 to 10 mL min~! with 100 mL
of 10 ug L~! sample solutions at pH 6.0. As shown in Figure 11, the complete recovery of Hg(II) was
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attained up to a flow of 8 mL min~!. On increasing the sample flow to 9 mL min~!, 92% of Hg(II)
recovery was observed due to insufficient contact between the analyte and active sites of PANI-MoS;.
Hence, 8 mL min~! of the column flow rate was optimized for the rest of the experiments.

100':%:%: |
3395-

e

>

z 90 -
2

85 -

80 T T T '

2 4 6 8 10

Flow rate (mL/min)

Figure 11. Effect of sample flow on the adsorption of Hg(Il) (experimental conditions: sample vol.
100 mL; pH = 6.0; Hg?* 10 mg L™1).

3.6. Interference Studies

The effect of co-existing ions such as ferric, nitrate, carbonate, chloride, sulfate, phosphate and
heavy metal ions, including alkali and alkaline earth metal in sorption of Hg(Il), were investigated,
and the observed data were reported in Table 2. The tolerance level of co-ions was studied by passing
a model solution (vol. 100 mL; Hg?* conc. 10 pg L~!) contained a varying concentration of interfering
ions through the PANI-MoS, packed column. The tolerance limit was set as the concentration of co-ions
results in a deviation of +5% in the signal intensity of recovered Hg(II). Under optimum conditions,
the proposed method demonstrates fairly good tolerance against co-ions with good recovery of Hg(II)
was achieved in the range of 98-100% for quantitative determination.

Table 2. Interference studies on the adsorption of analyte ions (experimental conditions: M"" =
100 ug L1, sample volume = 100 mL, pH = 6.0, flow rate 8§ mL min~?, eluent 5 mL of HCI; N = 3).

Interfering Ions Salt Added &T&unt I:iiged Recovery % (RSD)
HE Hg(ID
Na* NaCl 6000 98.0 (4.15)
K* KCl 5600 98.9 (4.65)
CaZt CaCl, 900 97.0 (3.00)
Mg+ MgCl, 1500 99.7 (4.00)
Cl- NaCl 9000 100 (4.23)
Br~ NaBr 8000 99.8 (3.54)
COz% Na,CO3 4500 98.7 (4.18)
50,2~ Na,SOy 4200 98.6 (4.25)
NO;~ NaNO; 3500 100.4 (4.05)
CH;COO~ CH;COONa 4000 96.5 (4.94)

CeH50,%~ Na3CgHs0, 3300 99.5 (4.16)
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3.7. Analytical Figures of Merit and Method Validation

Analytical method validation has been accounted for irrespective of the applicability of the
developed procedure for gaining useful data. Following the optimum experimental parameters,
the calibration plot for Hg(Il) analysis was obtained in the range of 0.2 to 100 ug L™ of Hg(II),
with a good correlation coefficient, R? = 0.9998. The limit of detection (LOD) and limit of quantification
(LOQ), obtained as the concentrations equivalent to three times and ten times of the standard deviation
of eleven blank runs, were found as 0.06 pug L~ and 0.2 ug L1, respectively [37]. Thus, it allows for
the ultra-trace determination of Hg(Il) in water samples. The relative standard deviation (RSD) that
characterizes the method’s precision, evaluated for eleven replicate samples containing 5 ug L—1 of
Hg(II), was found in the range of 3.0-4.5%. The validity of the proposed method was observed by
analyzing the standard reference material (SRM 1641d). The results are shown in Table 3. The closeness
of measured value with the certified values is in good agreement, indicates the accuracy of the developed
method. In addition, the spiking analysis with two levels of Hg(II) concentration was carried out using
different environmental water samples such as household water (tap), industrial wastewater and river
water samples (Table S1). The recoveries of the added amount of Hg(II) were satisfactorily recovered
with a 95% confidence limit, and the mean percentage recoveries range between 99.0% to 100.2%,
with an RSD value in the range 0.35-2.26%. This suggests the accuracy of the method to preconcentrate
the trace analytes in real water samples for accurate determination.

Table 3. Analytical method validation by analyzing standard reference material (SRM) after column
preconcentration (column conditions: sample volume 100 mL, flow rate 8 mL min~!, eluent 5 mL HCI,
sorbent amount 0.5 g).

Samples Analyte Certified Values Values Found by Proposed Value of t-Test ®
(ug g™ Method (ug g™1) 2 +
Standard Deviation
NIST SRM 1641d Hg(II) 1.56 + 0.02 1.55 +0.06 1.37

a Mean value, N = 3; ? at 95% confidence level.

4. Conclusions

A novel organic-inorganic hybrid adsorbent was synthesized by surface modification of bare
MoS; using PANI. The prepared PANI-MoS, hybrid material shows selective extraction of Hg(Il) in
presences of co-existing ions. The fast and selective Hg(II) adsorption may be attributed to the soft
acid-soft base interaction between the Hg(II) and-S ions of the PANI-MoS, adsorbent. A comparative
data on the Hg(II) adsorption capacity of prepared material with previous literature was compared
and is shown in Table 4. The PANI-MoS; adsorbent shows comparable adsorption capacity over the
previously reported nanoadsorbents. The proposed method’s accuracy was validated by analyzing
reference material and the standard addition method (RSD < 5%). The proposed methodology is
simple and successfully used in the quantitative analyses of trace Hg(Il) to monitor the Hg(II) level in
real environmental water samples.

Table 4. Hg(Il) adsorption capacities of different nanomaterials based on previous literature.

Adsorption Capacity

Adsorbent Metal Ion b References
(mg g1)

PANI-MoS, Hg(II) 240 This work
MOF Hg(II) 627.6 [38]
Fe30,@SiO,SH Hg(II) 132.0 [39]
MSCFM Hg(II) 160.4 [12]
Titanate nanoflowers Hg(II) 454.5 [40]
Magnetic composite Hg(II) 149.3 [41]




Polymers 2020, 12, 2731 12 of 14

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/11/2731/s1,
Figure S1: Zeta potential envelope of bare PANI and bare MoS,, Figure S2; ATR-IR spectra of PANI-MoS; before
and after Hg(II) adsorption, Table S1: Solid phase extraction and preconcentration of trace Hg(II) in real samples
analyses after to determine Hg(II) concentration by ICP-OES (column conditions: sample volume 250 mL, flow rate

8 mL min~}, eluent 5 mL HCl, sorbent amount 0.25 g).

Author Contributions: Conceptualization, H.A.; methodology, H.A.; software, R.A.K.; validation, H.A.;
formal analysis, H.A.; investigation, H.A.; resources, A.A.; data curation, H.A., LLB., and R.A K.; writing—original
draft preparation, H.A. and R.A K,; writing—review and editing, H.A., R AK, LLB., and A.A.; visualization, H.A.;

supervision, A.A.; project administration, R.A.K. and A.A.; funding acquisition, A.A. All authors have read and
agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research and Innovation, “Ministry of
Education” in Saudi Arabia, for funding this research work through project no. IFKSURG-1438-006.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Diriscoll, C.T.; Mason, R.P.; Chan, HM.; Jacob, D.]J.; Pirrone, N. Mercury as a global pollutant: Sources,
pathways, and effects. Environ. Sci. Technol. 2013, 47, 4967-4983. [CrossRef] [PubMed]

2. Kim, K.-H.; Kabir, E.; Jahan, S.A. A review on the distribution of Hg in the environment and its human
health impacts. J. Hazard. Mater. 2016, 306, 376-385. [CrossRef] [PubMed]

3. Agency for Toxic Substances and Disease Registry. Available online: https://www.atsdr.cdc.gov/spl/index.
html#2019spl (accessed on 8 October 2020).

4. Jan, A.T.; Azam,M,; Siddiqui, K.; Ali, A.; Choi, I.; Haq, Q.M.R. Heavy Metals and Human Health: Mechanistic
Insight into Toxicity and Counter Defense System of Antioxidants. Int. J. Mol. Sci. 2015, 16, 29592-29630.
[CrossRef] [PubMed]

5. Tchounwou, P.B.; Yedjou, C.G.; Patlolla, A.K.; Sutton, D.J. Heavy metal toxicity and the environment.
In Molecular, Clinical and Environmental Toxicology; Springer: Basel, Switzerland, 2012; Volume 101, pp. 133-164.
[CrossRef]

6. Genchi, G.; Sinicropi, M.S.; Carocci, A.; Lauria, G.; Catalano, A. Mercury Exposure and Heart Diseases. Int. ].
Environ. Res. Public Health 2017, 14, 74. [CrossRef]

7. Lohren, H.; Blagojevic, L.; Fitkau, R.; Ebert, F,; Schildknecht, S.; Leist, M.; Schwerdtle, T. Toxicity of organic
and inorganic mercury species in differentiated human neurons and human astrocytes. J. Trace Elem. Med. Biol.
2015, 32, 200-208. [CrossRef]

8. Environmental Protection Agency. Available online: https://www.epa.gov/ground-water-and-drinking-
water/national-primary-drinking-water-regulations#Inorganic (accessed on 8 October 2020).

9.  Goémez-Ariza, ].L.; Lorenzo, F.,; Garcia-Barrera, T. Comparative study of atomic fluorescence spectroscopy and
inductively coupled plasma mass spectrometry for mercury and arsenic multispeciation. Anal. Bioanal. Chem.
2005, 382, 485-492. [CrossRef]

10. Nakadi, FV,; Garde, R.; da Veiga, M.A.M.S,; Cruces, J.; Resano, M. A simple and direct atomic absorption
spectrometry method for the direct determination of Hg in dried blood spots and dried urine spots prepared
using various microsampling devices. J. Anal. At. Spectrom. 2020, 35, 136-144. [CrossRef]

11.  Vicentino, P.D.O.; Brum, D.M.; Cassella, R.J. Development of a method for total Hg determination in oil
samples by cold vapor atomic absorption spectrometry after its extraction induced by emulsion breaking.
Talanta 2015, 132, 733-738. [CrossRef]

12.  Haseen, U.; Ahmad, H. Preconcentration and Determination of Trace Hg(II) Using a Cellulose Nanofiber
Mat Functionalized with MoS2 Nanosheets. Ind. Eng. Chem. Res. 2020, 59, 3198-3204. [CrossRef]

13. Rastegarifard, F.; Ghanemi, K.; Fallah-Mehrjardi, M. A deep eutectic solvent-based extraction method for fast
determination of Hg in marine fish samples by cold vapor atomic absorption spectrometry. Anal. Methods
2017, 9, 5741-5748. [CrossRef]

14. Ojeda, C.B.; Rojas, ES. Separation and preconcentration by cloud point extraction procedures for determination
of ions: Recent trends and applications. Microchim. Acta 2012, 177,1-21. [CrossRef]

15. De Diego, A.; Pécheyran, C.; Tseng, C.M.; Donard, O.EX. Chapter 12—Cryofocusing for on-line metal and
metalloid speciation in the environment. In Analytical Spectroscopy Library; Sanz-Medel, A., Ed.; Elsevier:
Amsterdam, The Netherlands, 1999; Volume 9, pp. 375-406.


http://www.mdpi.com/2073-4360/12/11/2731/s1
http://dx.doi.org/10.1021/es305071v
http://www.ncbi.nlm.nih.gov/pubmed/23590191
http://dx.doi.org/10.1016/j.jhazmat.2015.11.031
http://www.ncbi.nlm.nih.gov/pubmed/26826963
https://www.atsdr.cdc.gov/spl/index.html#2019spl
https://www.atsdr.cdc.gov/spl/index.html#2019spl
http://dx.doi.org/10.3390/ijms161226183
http://www.ncbi.nlm.nih.gov/pubmed/26690422
http://dx.doi.org/10.1007/978-3-7643-8340-4_6
http://dx.doi.org/10.3390/ijerph14010074
http://dx.doi.org/10.1016/j.jtemb.2015.06.008
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations#Inorganic
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations#Inorganic
http://dx.doi.org/10.1007/s00216-005-3094-7
http://dx.doi.org/10.1039/C9JA00348G
http://dx.doi.org/10.1016/j.talanta.2014.10.019
http://dx.doi.org/10.1021/acs.iecr.9b06067
http://dx.doi.org/10.1039/C7AY01372H
http://dx.doi.org/10.1007/s00604-011-0717-x

Polymers 2020, 12, 2731 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

Zheng, H.; Hong, J.; Luo, X,; Li, S.; Wang, M.; Yang, B.; Wang, M. Combination of sequential cloud point
extraction and hydride generation atomic fluorescence spectrometry for preconcentration and determination
of inorganic and methyl mercury in water samples. Microchem. J. 2019, 145, 806-812. [CrossRef]

Ribeiro, A.S.; Vieira, M.A.; Curtius, A.]. Determination of hydride forming elements (As, Sb, Se, Sn) and
Hg in environmental reference materials as acid slurries by on-line hydride generation inductively coupled
plasma mass spectrometry. Spectrochim. Acta Part B At. Spectrosc. 2004, 59, 243-253. [CrossRef]

Liska, I. Fifty years of solid-phase extraction in water analysis — historical development and overview.
J. Chromatogr. A 2000, 885, 3—16. [CrossRef]

Buszewski, B.; Szultka, M. Past, Present, and Future of Solid Phase Extraction: A Review. Crit. Rev.
Anal. Chem. 2012, 42, 198-213. [CrossRef]

Wu, Y,; Pang, H,; Liu, Y,; Wang, X; Yu, S.; Fu, D.; Chen, ].; Wang, X. Environmental remediation of heavy
metal ions by novel-nanomaterials: A review. Environ. Pollut. 2019, 246, 608-620. [CrossRef]

Wadhawan, S.; Jain, A.; Nayyar, J.; Mehta, S.K. Role of nanomaterials as adsorbents in heavy metal ion
removal from waste water: A review. J. Water Process Eng. 2020, 33, 101038. [CrossRef]

Ahsan, M.A.; Deemer, E.; Fernandez-Delgado, O.; Wang, H.; Curry, M.L.; El-Gendy, A.A.; Noveron, J.C.
Fe nanoparticles encapsulated in MOF-derived carbon for the reduction of 4-nitrophenol and methyl orange
in water. Catal. Commun. 2019, 130, 105753. [CrossRef]

Ahsan, M.A.; Fernandez-Delgado, O.; Deemer, E.; Wang, H.; El-Gendy, A.A.; Curry, M.L.; Noveron, J.C.
Carbonization of Co-BDC MOF results in magnetic C@Co nanoparticles that catalyze the reduction of methyl
orange and 4-nitrophenol in water. J. Mol. Lig. 2019, 290, 111059. [CrossRef]

Vasconcelos, I.; Fernandes, C. Magnetic solid phase extraction for determination of drugs in biological
matrices. Trac Trends Anal. Chem. 2017, 89, 41-52. [CrossRef]

Herrero Latorre, C.; Alvarez Méndez, J.; Barciela Garcia, J.; Garcia Martin, S.; Pefia Crecente, R.M. Carbon
nanotubes as solid-phase extraction sorbents prior to atomic spectrometric determination of metal species:
A review. Anal. Chim. Acta 2012, 749, 16-35. [CrossRef] [PubMed]

Ahsan, M.A; Jabbari, V.; Imam, M.A.; Castro, E.; Kim, H.; Curry, M.L.; Valles-Rosales, D.J.; Noveron, J.C.
Nanoscale nickel metal organic framework decorated over graphene oxide and carbon nanotubes for water
remediation. Sci. Total Environ. 2020, 698, 134214. [CrossRef] [PubMed]

Zhi, L.; Zuo, W.; Chen, F,; Wang, B. 3D MoS2 Composition Aerogels as Chemosensors and Adsorbents for
Colorimetric Detection and High-Capacity Adsorption of Hg?*. Acs Sustain. Chem. Eng. 2016, 4, 3398-3408.
[CrossRef]

Li, J.-R.; Wang, X,; Yuan, B.; Fu, M.-L.; Cui, H.-J. Robust removal of heavy metals from water by intercalation
chalcogenide [CH3NH3]2xMnxSn3—xS4-0.5H,O. Appl. Surf. Sci. 2014, 320, 112-119. [CrossRef]

Li, J.-R.; Wang, X.; Yuan, B.; Fu, M.-L. Layered chalcogenide for Cu2+ removal by ion-exchange from
wastewater. J. Mol. Lig. 2014, 200, 205-212. [CrossRef]

Bag, S.; Arachchige, I.U.; Kanatzidis, M.G. Aerogels from metal chalcogenides and their emerging unique
properties. J. Mater. Chem. 2008, 18, 3628-3632. [CrossRef]

Gao, M.-R;; Xu, Y.-E; Jiang, J.; Yu, S.-H. Nanostructured metal chalcogenides: Synthesis, modification,
and applications in energy conversion and storage devices. Chem. Soc. Rev. 2013, 42, 2986-3017. [CrossRef]
Cheng, W.; Rechberger, F; Niederberger, M. Three-Dimensional Assembly of Yttrium Oxide Nanosheets into
Luminescent Aerogel Monoliths with Outstanding Adsorption Properties. ACS Nano 2016, 10, 2467-2475.
[CrossRef]

Wang, L.; Wu, X.-L.; Xu, W.-H.; Huang, X.-J.; Liu, J.-H.; Xu, A.-W. Stable Organic-Inorganic Hybrid of
Polyaniline/x-Zirconium Phosphate for Efficient Removal of Organic Pollutants in Water Environment.
ACS Appl. Mater. Interfaces 2012, 4, 2686-2692. [CrossRef]

Gao, Y.; Chen, C.; Chen, H,; Zhang, R.; Wang, X. Synthesis of a novel organic-inorganic hybrid of
polyaniline/titanium phosphate for Re(vii) removal. Dalton Trans. 2015, 44, 8917-8925. [CrossRef]

Pearson, R.G. The HSAB principle—more quantitative aspects. Inorg. Chim. Acta 1995, 240, 93-98. [CrossRef]
Pearson, R.G. Hard and soft acids and bases, HSAB, part 1: Fundamental principles. J. Chem. Educ. 1968,
45, 581. [CrossRef]

Lara, R.; Cerutti, S.; Salonia, J.A.; Olsina, R.A.; Martinez, L.D. Trace element determination of Argentine
wines using ETAAS and USN-ICP-OES. Food Chem. Toxicol. 2005, 43, 293-297. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.microc.2018.11.057
http://dx.doi.org/10.1016/j.sab.2003.12.016
http://dx.doi.org/10.1016/S0021-9673(99)01144-9
http://dx.doi.org/10.1080/07373937.2011.645413
http://dx.doi.org/10.1016/j.envpol.2018.12.076
http://dx.doi.org/10.1016/j.jwpe.2019.101038
http://dx.doi.org/10.1016/j.catcom.2019.105753
http://dx.doi.org/10.1016/j.molliq.2019.111059
http://dx.doi.org/10.1016/j.trac.2016.11.011
http://dx.doi.org/10.1016/j.aca.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23036463
http://dx.doi.org/10.1016/j.scitotenv.2019.134214
http://www.ncbi.nlm.nih.gov/pubmed/31514030
http://dx.doi.org/10.1021/acssuschemeng.6b00409
http://dx.doi.org/10.1016/j.apsusc.2014.09.057
http://dx.doi.org/10.1016/j.molliq.2014.09.008
http://dx.doi.org/10.1039/b804011g
http://dx.doi.org/10.1039/c2cs35310e
http://dx.doi.org/10.1021/acsnano.5b07301
http://dx.doi.org/10.1021/am300335e
http://dx.doi.org/10.1039/C5DT01093D
http://dx.doi.org/10.1016/0020-1693(95)04648-8
http://dx.doi.org/10.1021/ed045p581
http://dx.doi.org/10.1016/j.fct.2004.10.004
http://www.ncbi.nlm.nih.gov/pubmed/15621342

Polymers 2020, 12, 2731 14 of 14

38. Zhang, L.; Zhang, J.; Li, X.; Wang, C.; Yu, A.; Zhang, S.; Ouyang, G.; Cui, Y. Adsorption behavior and
mechanism of Hg (II) on a porous core-shell copper hydroxy sulfate@MOF composite. Appl. Surf. Sci. 2021,
538, 148054. [CrossRef]

39. Wang, Z; Xu, ].; Hu, Y,; Zhao, H.; Zhou, J; Liu, Y,; Lou, Z.; Xu, X. Functional nanomaterials: Study on
aqueous Hg(II) adsorption by magnetic Fe304@SiO,-SH nanoparticles. J. Taiwan Inst. Chem. Eng. 2016,
60, 394-402. [CrossRef]

40. Liu, W,; Zhao, X.; Wang, T.; Fu, J.; Ni, ]. Selective and irreversible adsorption of mercury(ii) from aqueous
solution by a flower-like titanate nanomaterial. J. Mater. Chem. A 2015, 3, 17676-17684. [CrossRef]

41. Wang, X.; Zhang, Z.; Zhao, Y.; Xia, K,; Guo, Y,; Qu, Z.; Bai, R. A mild and facile synthesis of amino
functionalized CoFe,O4@ SiO, for Hg (II) removal. Nanomaterials 2018, 8, 673. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.apsusc.2020.148054
http://dx.doi.org/10.1016/j.jtice.2015.10.041
http://dx.doi.org/10.1039/C5TA04521E
http://dx.doi.org/10.3390/nano8090673
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Materials and Methods 
	Chemicals and Reagents 
	Synthesis of PANI–MoS2 Hybrid Material 

	Material Characterization 
	Recommended Column Procedure 

	Results and Discussion 
	Characterization 
	Optimized Sample pH and Adsorption Mechanism 
	Preconcentration and Breakthrough Studies 
	Amount of Sorbent and Choice of Eluent and Concentration 
	Influence of Column Flow Rate on Preconcentration Efficiency 
	Interference Studies 
	Analytical Figures of Merit and Method Validation 

	Conclusions 
	References

