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and determination of trace Hg(II)
using ultrasound-assisted dispersive solid phase
microextraction

Hilal Ahmad, *ab Bon Heun Kooc and Rais Ahmad Khan d

Defect rich molybdenum disulfide (MoS2) nanosheets were hydrothermally synthesized and their potential

for ultrasound assisted dispersive solid phase microextraction of trace Hg(II) ions was assessed. Ultrasonic

dispersion allows the MoS2 nanosheets to chelate rapidly and evenly with Hg(II) ions and results in

improving the precision and minimizing the extraction time. The multiple defect rich surface was

characterized by X-ray diffraction and high-resolution transmission electron microscopy. The surface

charge of intrinsically sulfur rich MoS2 nanosheets and their elemental composition was characterized by

zeta potential measurements, energy dispersive spectroscopy, and X-ray photoelectron spectroscopy.

The cracks and holes on the basal planes of MoS2 led to diffusion of the Hg(II) ions into the interior

channels. Inner-sphere chelation along with outer-sphere electrostatic interaction were the proposed

mechanism for the Hg(II) adsorption onto the MoS2 surface. The experimental data showed good

selectivity of MoS2 nanosheets towards Hg(II) adsorption. The systematic and constant errors of the

proposed method were ruled out by the analysis of the Standard Reference Material (>95% recovery with

<5% RSD). The Student's t-test values for the analyzed Standard Reference Material were found to be less

than the critical Student's t value at 95% confidence level. The limit of detection (3S) was found to be

0.01 ng mL�1. The MoS2 nanosheets were successfully employed for the analysis of Hg(II) in

environmental water samples.
1. Introduction

Water pollution due to mercury contamination is an important
environmental concern because of its potent detrimental
impacts on biological systems, especially its potential lethal
impacts on sh, birds and human health.1–8 Thus, accurate
analysis of Hg(II) in environmental and consumable water
supplies remains a great challenge for public health and envi-
ronmental protection.9–12 Different methods and analytical
techniques such as chemical treatment,13 electrochemistry,14 X-
ray uorescence,15,16 inductively coupled plasma atomic/optical
emission spectrometry17,18 and inductively coupled plasma
mass spectrometry19,20 have been widely used for the analysis of
Hg(II), however, direct determination of Hg(II) in real aqueous
samples is challenging due to its very low concentrations with
complex sample matrices.21,22 The sample matrices compromise
the instrumental detection, accuracy and the limit of
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quantication.23,24 Nevertheless, this can be eliminated by
sample pretreatment before analysis and thus, an extraction
and preconcentration step is oen pre-requisite to instrumental
determination.25–27 Considering the nanoadsorbents, solid
phase microextraction and dispersive solid phase micro-
extraction (DSPME) is one among the most promising approach
for the separation and preconcentration of metal ions presented
at trace or ultra-trace level in complex matrix solutions.28–31

Traditional adsorbents such as ion exchange resin, zeolites,
activated carbon and clays have been studied for the adsorption
of mercury ions. However, these materials have inherent limi-
tations for mercury extraction due to the poor selectivity, low
adsorption capacity, use of high dose of adsorbent, and weak to
poor binding affinity. Sulfur rich materials are the excellent
adsorbents due to the strong Lewis so acid–so base interac-
tions between the mercury and a sulfur site. A number of sulfur
containing material have been recently reported to explore the
substantial improvements in the adsorption of mercury
ions.32–34 For example, thiol functionalized metal organic frame
works,35,36 sulfur functionalized mesoporous carbon,37 polymers
functionalized with sulfur containing ligands,38 metal chalco-
genide aerogels39 and layered metal suldes.40,41 Nonetheless,
the major drawback is that these materials either involves the
use of expensive raw materials (such as platinum salt, indium
and zirconium) or suffers from sophisticated synthesis steps.
RSC Adv., 2022, 12, 53–61 | 53
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Beside this, many of them shows relatively low adsorption
capacity due to their low sulfur content or insufficient exposure
of sulfur sites to metal ions. Consequently, considering the
above challenges it is crucial to explore new adsorbents with
advanced adsorption capacity, effective mercury binding sites
and importantly, easy to synthesize.

Specifying the plenty of sulfur atoms in MoS2 which could be
a highly potential binding sites for mercury adsorption and
assuming the 1 : 1 ratio of S/Hg, the theoretical adsorption
capacity of MoS2 nanosheets for mercury is estimated to be
2506 mg g�1, which is highest among the best reported adsor-
bents till date.27,33,34,36–38 In MoS2, the Mo and S atom are cova-
lently in-plane bonded forming a layered structure. The
individual layers are weakly interacted with each other via van-
der Waals forces in an out-of-plane manner, and can be easily
dispersed upon ultrasonic treatment and therefore, make the
internal sulfur sites accessible for Hg(II) binding.42,43 Consid-
ering this, we synthesized a defect rich MoS2 nanosheets and
studied them for the rst time to develop an ultra-sound
assisted dispersive solid phase micro extraction (DSPME)
method. The formation of defects on the basal planes of MoS2
may induce the cracks and holes to diffuse the Hg(II) ions into
the interior channels. The ultrasonic treatment of MoS2 nano-
sheets not only allows a rapid, uniform and closer contact
between the active sites of the sorbent and the mercury ions
during the entrapping step but also favor the kinetics of mass-
transfer and therefore enhance the efficacy and precision of the
extraction method and reduces the extraction time. The
extracted mercury ions aer elution from the sorbent are
determined by ICP-OES. In addition, this approach give rise to
use lowest amount of sorbent in the range of micro to milli-
gram. In consequences, the method was successfully applied to
the accurate determination of mercury concentration in
samples from laboratory to real life on a scale of mg L�1.
2. Experimental
2.1 Reagents and solutions

Ammoniummolybdate and thiourea (99% purity) was
purchased from Merck (China). Mercury solution (Hg(II);
1000 mg L�1 in 1% HNO3) was obtained from Agilent (China).
Other metal salts were purchased from Sigma-Aldrich (Ger-
many) and used as received. Metal ion solutions were prepared
through successive dilutions of the stock (1000 mg L�1) with
high purity water (18.2 MU cm) obtained from ultra-pure water
system (Millipore). The Standard Reference Material (NIST
1641d) stored at �10 �C, was obtained from the national insti-
tute of standard and technology (Gaithersburg, USA) and was
used aer dilution.
Fig. 1 (A) XRD pattern and (B) cross sectional HRTEM image of MoS2.
2.2 Synthesis of MoS2 nanosheets

A defect rich MoS2 nanosheets was synthesized by a one-step
hydrothermal method.44 Briey, a 2.0 g of ammoniummo-
lybdate was dissolved with 2.5 g of thiourea in 150 mL of
deionized water with vigorous magnetic stirring and transferred
to a Teon-lined autoclave (200 mL). The whole reaction
54 | RSC Adv., 2022, 12, 53–61
mixture was kept in an air oven at 180 �C for 24 h. Aer cooling
the hydrothermal assembly to the room temperature, the ob-
tained grey–black color product was collected with the aid of
centrifugation and washed repeatedly with ethanol and deion-
ized water and dried at 60 �C in a vacuum oven for 6 h. The ICP-
OES analyses was carried out to estimate the atomic ratio of
Mo : S in the prepared material and was found to be 1 : 2.04.

2.3 Characterization of MoS2 nanosheets

The X-ray powder diffraction (XRD) patterns of bulk and few
layered MoS2 were recorded on an X-ray diffractometer (XRD
Smart Lab Guidance, Rigaku) equipped with Cu-Ka radiation (k
¼ 1.5406 Å) in 2q ranging from 10� and 60� at a scan rate of
5� min�1. The surface morphology of MoS2 nanosheets was
characterized by high-resolution transmission electron
microscopy (HRTEM, Techno, FEI). Samples were sputter-
coated with palladium overlayer to avoid charging during the
electron irradiation. Energy dispersive X-ray analysis (EDS)
spectra for elemental analysis were obtained from an EDS
analyzer (Bruker, Germany). The adsorption mechanism and
valence state of the constituent elements were observed by X-ray
photoelectron spectroscopy (XPS) (Thermo ESCALABA 250XI).
Mercury ion concentrations were determined by inductively
coupled plasma optical emission spectrometer (ICP-OES, Per-
kinElmer) at the axial mode of viewing plasma.

2.4 Optimized procedure for DSPME sample preparation

From a stock solution of MoS2 suspension (5 mg in 100 mL of
deionized water), a 1 mL aliquot of MoS2 nanosheets was
dropped to 25 mL of the polyethylene Falcon tube containing
10 mL of 50 mg L�1 of Hg(II) sample solution. The solution pH
was adjusted to pH 6 by using 0.1 M of HNO3 and 0.1 M NaOH.
The whole reaction mixture was probe sonicated for 40 s. The
act of sonication led to complete dispersion of MoS2 nanosheets
and considerably minimize the sample thickness, and elimi-
nates the heap formation of nanosheets in the sample solution.
Later, the sample solution was centrifuged at 4000 rpm for 60 s
to collect the MoS2 nanoadsorbent. Aerward, the MoS2 nano-
adsorbent with adsorbed Hg(II) was agitated ultrasonically with
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07898d


Fig. 2 HRTEM images of (A) MoS2 nanosheets; (B) basal plane of MoS2 showing fine structures; (C) corresponding SAED diffraction patterns of
MoS2.
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5 mL of 1.0 M nitric acid for 60 s to elute the sorbed Hg(II). The
whole reaction vial was centrifuged to separate both the phases.
The eluent with Hg(II) was gathered and evaluated by ICP-OES to
identify the Hg(II) concentration.
Table 1 XPS data of MoS2 nanosheets

Element
Peak position
(eV) FWHM Area(P) cps Atomic%

Mo 3d 230.8 0.87 144 917.0 22.04
S 2s 228.0 1.63 18 545.2 23.86
S 2p 161.8 1.05 58 622.5 54.10
3. Results and discussion
3.1 Characterization

The prepared defect rich MoS2 nanosheets were systematically
investigated for the structural features and composition
studies. The XRD pattern of the synthesized MoS2 was evaluated
and presented in Fig. 1. The appearance of two diffraction peaks
at low-angle region (9.8� and 19.4�, Fig. 1), centered at (hkl) (002)
and (004), indicates the formation of lamellar structures with
enlarge interlayer spacing, corresponds to d-spacing values of
9.4 Å. Fig. 2A and B shows the HRTEM image of MoS2 nano-
sheets, illustrates the ne sheets with defect rich surface
(encircle with yellow color) along the basal planes, evident by
the presence of abundant dislocations and distortions. The
defect-rich features was further conrmed by the corresponding
selected area electron diffraction (SAED) pattern (Fig. 2C). The
corresponding cross-sectional HRTEM image (inset of Fig. 1)
shows the interlayer spacing with a value of 9.4 Å, which is far
beyond the interlayer spacing values of bulk MoS2 (6.24 Å). Such
an important interlayer elaboration between the two neigh-
boring S–Mo–S sheets could fully expose the interior space of
MoS2. The interior surface possess large number of active sulfur
sites are now available for Hg(II) binding, which were before
inaccessible as in case of bulk MoS2. Moreover, the surface
defects presented on the basal planes promotes the diffusion of
Hg(II) ions to the interior channels of MoS2 nanosheets. Fig. 3
Fig. 3 Elemental mapping of MoS2 after Hg(II) adsorption.

© 2022 The Author(s). Published by the Royal Society of Chemistry
shows the elemental mapping of MoS2 aer Hg(II) adsorption,
observed from the FESEM image, illustrates the presence of
Hg(II) along with Mo and S contents, supports the potential
adsorption of Hg(II) onto the MoS2 nanosheets. To understand
the adsorption mechanism and the oxidation state of the
constituent elements, the wide scan XPS spectra with decon-
volution of the core-level peaks were carried out using mono-
chromatic Al K alpha light at 1486.6 eV and an emission angle of
45 with spot size of 500 mm. The XPS analysis data for MoS2
obtained aer Hg(II) adsorption were given in Table 1. Fig. 4A
shows the comparative XPS survey spectrum of MoS2 before and
aer Hg(II) adsorption, indicates the peaks for Mo, S and Hg at
characteristics binding energies. In Fig. 4B, the deconvoluted
peaks at the binding energy of 230.8 and 233.9 eV are assigned
to the Mo 3d5/2 and Mo 3d3/2 element, respectively. The
deconvoluted peaks of S 2p element of MoS2 before and aer
Hg(II) adsorption were shown in Fig. 4C. The characteristic
peaks of S observed at binding energy values of 161.5 and
162.6 eV, were assigned to S 2p3/2 and S 2p1/2. Aer Hg(II)
adsorption these S peaks shows a shi to higher binding
energies c.a at 161.7 and 163.0 eV, indicates their binding with
Hg(II) ions (Fig. 4C). Such a blue shi in binding energies of the
RSC Adv., 2022, 12, 53–61 | 55
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Fig. 4 (a) XPS survey spectra of MoS2 before and after Hg(II) adsorption; (b) deconvoluted Mo 3d peaks of MoS2; (c) deconvoluted S 2p peaks
before and after Hg(II) adsorption illustrates a shift in binding energies.
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S peaks aer Hg(II) adsorption was mainly due to the interaction
of MoS2 with Hg(II) ions and thereby resulting in the disparity of
the XPS spectra before Hg(II) adsorption.
3.2 Optimization of experimental conditions

A univariate approach was employed to optimize the important
experimental parameters to develop a dispersive solid phase
microextraction method using MoS2 nanosheets.

3.2.1 Effect of the solution pH. The sample pH is an
important parameter for the adsorption of metal ions, consid-
ering that it inuences both the distribution of surface charge
of adsorbent and the metal ion species. The impact of solution
pH on the adsorption of Hg(II) onto MoS2 nanosorbent was
studied at the pH range of 1–7 with initial Hg(II) concentration
of 10 000 mg L�1. For comparison purpose the sorption of Hg(II)
at low level concentration (100 mg L�1) was also studied. The
observed data are shown in Fig. 5. The Hg(II) sorption beyond
pH 7 was avoided due to the precipitation of Hg(II) in basic
medium. Also the adsorption/inuence of typical alkali and
alkaline earth metal which were potentially co-exist with the
Hg(II) has been also studied. From Fig. 5, it could be seen that,
Fig. 5 Effect of sample pH on Hg(II) adsorption at higher (10 000 ppb)
and lower (100 ppb) concentrations.

56 | RSC Adv., 2022, 12, 53–61
at higher Hg(II) concentration the adsorption of Hg(II) onto
MoS2 varies at different sample pH. Moreover, at low Hg(II)
concentration, no signicant effect of sample pH on Hg(II)
adsorption was observed (Fig. 5). The adsorption efficiency of
Hg(II) increases with the increase of sample pH and reached to
maxima at pH 6–7. The surface charge of MoS2 played an
important role in the physico-chemical adsorption.45,46 From
the zeta potential studies of MoS2, the isotropic electric point
(pHz) of MoS2 was observed below to pH 1.0 (Fig. 5), indicates
that the surface was negatively charged at pH above 1.0 and the
sulfur sites are available for chelation with metal ions.47

However, at lower pH values, the concentration of hydrogen
ions (counter ion) is high enough to compete with Hg(II), due to
such competition with counter ions, a decrease in adsorption of
Hg(II) was observed. However, above pH 4, the sulfur ions
becomes deprotonated and the Hg(II) adsorption signicantly
increases and reaches to maximum at pH 6–7. According to
Lewis hard and so acid base concept, the Hg–S chelate
formation could be a primary adsorption pathway due to the
most favorable so–so Hg–S interaction.48–51 Moreover, Hg(II)
ions could binds with two sulfur ions to form a chelate at low
Hg(II) concentration and with one sulfur ion at higher Hg(II)
concentration to form inner-sphere complex, in addition to the
outer layer electrostatic interaction between the Hg(II) and
negatively charge MoS2 surface.51,52 Thus, MoS2 nanosheets
shows a multi-layer adsorption phenomenon, although the
physical adsorption might be of minor contribution compared
to chemisorption. In conclusion, pH 6 was optimized for Hg(II)
extraction in further DSPME experiments. Moreover, no
considerable hindrance in the DSPME/adsorption of Hg(II) (100
ppb) was observed in presence of Na+, K+, Ca2+, Mg2+, Cl�,
CO3

2�, NO3
2�, SO4

2� and PO4
2� ions at varying concentrations

(0.25 and 0.5 M) (Fig. 6). This indicates the specic adsorption
of Hg(II) onto MoS2 surface over these co-ions. This selective
uptake might be due to the strong so–so interactions
between Hg(II) and sulfur ions of the adsorbent.

3.2.2 Effect of the sonication time. To optimized the soni-
cation step for complete adsorption of Hg(II) ions, a series of
experiments was conducted with 1.0 mg of MoS2, ultra-
sonicated with 10 mL of Hg(II) solution (1 mg L�1) at pH 6 at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of co-existing ions at varying concentrations on the
adsorption of Hg(II) by MoS2 adsorbent (Hg(II) 100 mg L�1; adsorbent
dosage 1.0 mg; sample vol. 10 mL).
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varying time intervals of 10 to 100 seconds (probe sonication;
power 40 W in continuous mode). The adsorbed Hg(II) ions was
eluted with 5 mL of 1.0 M HNO3 and the two phases was
separated by centrifugation at 4000 rpm for 60 s. The Hg(II)
concentration was measured by ICP-OES. The ultrasonication
compared to stirring and shaking increases the area to volume
ratio of nanoadsorbent by exfoliating the MoS2 nanosheets, and
therefore enhanced the metal ion adsorption by exposing the
hidden active sites. The results are presented in Fig. 7A, shows
the gradual increase of Hg(II) adsorption percentage in rst 30 s
and the complete extraction (100%) was observed from 40 s and
upwards up to a sonication time of 100 s. Hence, a 40 s of
sonication step was optimized for all further studies.

3.2.3 Effect of the adsorbent dose. In DSPME, the optimum
amount of solid to be taken is of great importance in order to
disperse them completely in a given sample volume and to
ensure the complete retention of analyte ions. Considering this,
the solid-to-liquid (S/L) ratio has been optimized by carried out
multiple sets of experiments. To this job, varying amount of
solid MoS2 (100–1200 mg) were disperse in 10 mL of the model
Hg(II) solutions (50 mg L�1) in 25 mL of polyethylene falcon
tubes. The whole reaction setups were sonicated for 40 s and the
sorbed Hg(II) ions were eluted using 5 mL of 1.0 M nitric acid
Fig. 7 (A) Effect of sonication time on the adsorption Hg(II) (adsorbent d
effect of trace Hg(II) concentration (0.01–2.0 mg L�1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
and subsequently determine by ICP-OES. The results are pre-
sented in Fig. 7B. The optimum S/L ratio of MoS2, where the
complete adsorption of Hg(II) achieved, was found at 60 mg
mL�1, and the same was used for further experiments.

3.2.4 Effect of trace Hg(II) concentration. Several real
samples possess trace levels of Hg(II) concentrations and chal-
lenge their direct instrumental determination. Thus, requires
a sample preparation/preconcentration step before analysis. To
analyse the effect of lower Hg(II) concentration, a bench of
samples containing varying Hg(II) concentration (0.01–2.0 mg
L�1) were set to pH of 6 using 0.1 M of HNO3 and 0.1 M NaOH.
The sample solution was mixed with 0.5 mg of MoS2 adsorbent
and were ultrasonicated for 40 s. To separate both the phases
(adsorbent and solution) the whole sample was centrifuged at
4000 rpm for 60 s. The obtained MoS2 sheets were added with
5 mL of 1 M HNO3 to elute the adsorbed Hg(II) followed by
sonication and centrifugation and ultimately analyzed by ICP-
OES to determine the Hg(II). The experiment was repeated
thrice (n¼ 3) and the results are shown in Fig. 7C. The obtained
data suggest that the Hg(II) at the concentration above 0.2 mg
L�1 was successfully recovered (recovery > 99%), however, for
the samples contained 0.15, 0.1 and 0.01 mg L�1 of Hg(II), the
mean recovery percentage was decreased to 82, 75 and 68%,
respectively, indicates incomplete adsorption of Hg(II) ions due
to very low amount of analyte ions. In conclusion, the proposed
DSPME method could preconcentrate and quantitavely deter-
mined the trace Hg(II) ions down to 0.2 mg L�1.
3.3 Desorption and reusability studies

Considering the reusability of the adsorbent, various stripping
agent such as hydrochloric and nitric acids at different molar
concentrations (0.5–1.5 M) and volumes (1–5 mL) were studied
to elute the adsorbed Hg(II) ions. The Hg(II) loaded adsorbent
(10 mg of MoS2) was mixed with studied eluent and sonicated
for 40 s following the centrifugation to gather the eluent and
subsequently analysed by ICP-OES. The results are presented in
Fig. 8. Among the studied eluent it was found that the 5 mL of
1 M hydrochloric acid eluted 88% of adsorbed ions while nitric
acid with same volume and concentration adequately eluted
100% of Hg(II) ions. The whole procedure of quantitative
desorption of mercury ions was repeated for 3 times and
ose 1.0 mg; Hg(II) conc. 1 mg L�1); (B) effect of adsorbent dose; and (C)

RSC Adv., 2022, 12, 53–61 | 57
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Fig. 8 Effect of eluent concentration and volume.

Table 2 DMSPE method validation by analyzing standard reference material for Hg(II) ion determination

Samples Certied value (mg L�1)
Value found aer DMSPE methoda

(mg L�1) � standard deviation Value of t-testb

NIST SRM 1641d Hg(II): 1.56 � 0.02 1.55 � 0.03 2.14

a Mean value for N ¼ 3. b At 95% condence limit; tcritical ¼ 4.303.
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achieved the recovery > 99.9%, for all sets. Therefore, 5 mL of
1 M nitric acids were used as eluent in all experiments.

The reusability of the same set of adsorbent was examined to
check the method stability. A suitable amount of MoS2 adsor-
bent (0.5 mg) was mixed with 10 mL of Hg(II) solution (10 mg
L�1). Aer sonication step, the uptake Hg(II) got eluted using
3 mL of 1 M nitric acids and consequently determined by ICP-
OES. The sorption/desorption experiments was repeated
several times with the same set of adsorbent. The obtained
results suggest that the MoS2 nanosheets can be reused up to 40
cycles without substantial loss in the adsorption performance.
The recovery of Hg(II) ions up to 40 cycles is above 98%, aer-
ward considerable loss in the adsorption of Hg(II) (recovery <
94%) was observed. This might due to the aggregation and/or
structural decomposition of the MoS2 nanosheets.
3.4 Analytical gures of merit

Standard Reference Materials (NIST SRM 1641d) was analysed
to evaluate the accuracy of the proposed methodology (Table 2).
The Student's t-test value computed for Hg(II) was found less
than the critical Student's t-test value of 4.303 for N ¼ 3 at 95%
Table 3 A comparative overview of analytical performance data with lit

Materials used Method

MoS2 nanosheets Dispersive solid phase extrac
Functionalized graphene oxide Magnetic solid-phase extract
Fe3O4@graphene oxide Magnetic dispersive solid ph
PANI-MoS2 Solid phase extraction
Functionalized cellulose nanobers Solid phase extraction
Functionalized magnetic nanoparticles Magnetic solid-phase extract

58 | RSC Adv., 2022, 12, 53–61
condence limit. The results presented in Table 2 shows the
closeness of the agreement between the measured and a true
value without any systematic errors, since the mean Hg(II)
concentration value obtained with DMSPE method were statis-
tically insignicant with the reported/certied value. Moreover,
the calibration plot obtained by the method of least square,
aer preconcentrating the standards in the concentration range
of 0.3–1000 mg L�1, was found linear with the determination
coefficient (R2) of 0.9998 for the regression equation y ¼
1184.08x� 489.62, at the wavelength of 253.652 nm. To evaluate
the intra-day precision of the method, ten replicate samples of
1.0 mg L�1 of Hg(II) was analyzed following the DSPME proce-
dure. The relative standard deviation for replicate measure-
ments was found to be 3.2%, indicates the acceptable closeness
of repeated measurements. Similarly, the inter-day precision for
the analysis of ten replicate samples of 1.0 mg L�1 of Hg(II) for
ten consecutive days was found to be 3.8%. Considering the
IUPAC guidelines,53 the limit of detection (LOD) (3S) of the
proposed DSPME method was found to be 0.01 ng mL�1 for
Hg(II) ions, indicates their potential application in real sample
analysis. The LOD was calculated as the concentration of Hg(II)
eratures

LODs (ng mL�1) Technique References

tion 0.01 ICP-OES This work
ion 0.05 ICP-OES 54
ase extraction 0.25 GFAAS 55

0.06 ICP-OES 56
0.09 ICP-OES 57

ion 0.22 HR CS ETAAS 58
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Table 4 Determination of Hg(II) ions concentration in real samples using ICP-OES after DMSPE

Samples Amount added (mg)
Amount found
(mg L�1) � standard deviationa Recovery percent (RSD)c Value of t-testd

Tap water 0 NDb — —
5 5.00 � 0.26 100 (0.05) 0.16

10 9.98 � 0.42 99.8 (0.08) 1.53
Industrial effluent 0 6.28 � 0.08 — 1.55

5 11.27 � 0.76 99.8 (0.15) 1.23
10 16.30 � 0.83 100.2 (2.06) 1.45

River water 0 5.13 � 0.50 — 1.50
5 10.13 � 0.92 100 (0.10) 1.16

10 15.12 � 1.53 99.9 (1.18) 2.36

a N ¼ 3. b Not detected. c Relative standard deviation. d At 95% condence level, tcritical ¼ 4.303.
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gives a signal intensity equivalent to 3 times the standard
deviation of mean blank signal (0.0033 � 10) of 20 replicate
blank measurements (i.e. 3S). The robustness of the method
was evaluated by altering the sample pH from 6 to 6 � 0.5 and
the sonication time of 40 s to 40 � 5 s. No considerable
adjustment in the adsorption and recovery of Hg(II) was
observed. Furthermore, the suggested approach had no signif-
icant drawbacks, and the analytical gures of merit associated
with previous reported methods either used nanomaterials or
other adsorbents in conjunction with ICP-OES or other
sophisticated detection techniques are compared and summa-
rized in Table 3. The present method has comparable or even
better detection limit than previous reported methods
combined with GFAAS, ICP-OES, and ETAAS detection
techniques.54–58
3.5 Real sample analysis

Tap water, industrial effluent and river water samples was
successfully enriched under optimized experimental conditions
and the concentration of Hg(II) ions was determined by ICP-
OES. The Hg(II) contamination in industrial effluent and river
water samples was found to be 6.28 and 5.13 mg L�1, respec-
tively. The results are illustrated in Table 4. The integrity of the
approach was checked out by spiking the samples with recog-
nized amounts of Hg(II) at two different degrees (5 and 10 mg).
Recoveries of the spiked Hg(II) ions were ascertained by
measuring the recovered amount from the real samples with
a 95% condence level. The mean percentage recoveries of the
added Hg(II) were 99.8–100.2% with an RSD ranging 0.05–2.06%
for the spiked amount of Hg(II).
4. Conclusion

Two dimensional MoS2 nanosheets with widened interlayer
spacing could be easily synthesized by hydrothermal method
without using any intercalating agents. The material shows
excellent selectivity towards Hg(II) with fast adsorption perfor-
mance. Due to inherent sulfur rich characteristic and large
interlayer spacing, the MoS2 nanosheets advantageously
utilized in the DSPME of trace Hg(II) from aqueous samples. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
main possible mechanism for the Hg(II) adsorption could be the
strong Hg(II)–S complexation along with the electrostatic inter-
action. The MoS2 nanosheets was efficient enough for quanti-
tative analyses of the trace Hg(II) on a scale of ng mL�1 without
the interference of common co-existing ions. The applicability
of the proposed DMSPE method in the extraction and deter-
mination of Hg(II) has been veried by analyzing the real water
and industrial wastewater samples.
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54 J. C. Garćıa-Mesa, P. Montoro Leal, M. M. López Guerrero
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