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Abstract
Heavy metal ions bioaccumulation can cause severe damage to environment and human health. Hence, the development of an 
effective detection assay of trace amounts of these ions is of great importance. Here, CdTe quantum dots (QDs) capped with 
mercaptosuccinic acid (MSA) ligands have been synthesized in aqueous solution with significant stability and good fluores-
cence properties. Photophysical characterization was performed using FTIR, XRD, HRTEM and UV–Vis. Absorption, PL 
and PLRT techniques, seeking their subsequent application as fluorescent probes for metal cations. CdTe-MSA QDs showed 
selective sensitivity toward  Hg2+ ions by monitoring quantitative fluorescence quenching with increasing analyte content. 
Under optimal conditions, the linear range for the detection was 0.2–6 μM with a detection limit of 0.05 μM. According to 
the Stern–Volmer model, it can be inferred that a static quenching mechanism via  Hg2+ selective binding to MSA carboxylate 
groups is operating with electron transfer process. Excess of mercuric ions further decreased and red shifted the fluorescence 
possibly due to competitive cation exchanges. To further explain the corresponding ligation mechanisms, adsorption behavior 
study was conducted via several isotherms as well as statistical physics models. The pseudo-first-order model can describe 
the adsorption kinetics of  Hg2+ on CdTe-MSA QDs more accurately and the experimental data fitted well the Langmuir 
isotherm model of monolayer adsorption on homogeneous surface. Furthermore, this spontaneous process conforms to the 
Hill model as a physisorption with an adsorption energy of 32 kJ.mol−1 associated with the electrostatic interactions and 
hydrogen bonding. The developed system was assayed in the  Hg2+ trace amount detection in real tap water and showed 
satisfactory accuracy performance meeting analytical requirements. The relevant results demonstrated that CdTe-MSA QDs 
could be deployed as promising  Hg2+ fluorescent chemosensing system with high sensitivity and selectivity over wide linear 
detection range that have great potential for real water samples analysis.
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Introduction

The requirement for developing fluorescent sensors for spe-
cific chemical and biological ionic species is continuously 
increasing since the pollution is becoming a serious global 
issue for both ecosystems and human health. Various pollut-
ants, derived from human activities, have drawn great con-
cern due to their harmful damage to environment and human 
beings (Amari et al. 2021; Leitzke et al. 2022). Heavy metal 
ions, especially mercury ions, have great toxicity because of 
their highly reactive nature through bioaccumulation even 
at minor concentrations. This could cause many diseases 
(kidney failure, nervous system damage, etc.) together with 
water and soil contamination (Järup 2003; Vinoth Kumar 
et al. 2018). Therefore, as a response to health concerns and 
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legal restrictions, development of novel highly efficient and 
sensitive probes is of particular importance for detecting 
trace  Hg2+ amounts in the environment and in biological 
samples.

Various sensing techniques, such as X-ray fluorescence 
spectrometry (Sitko et al. 2015), electrochemical voltam-
metry and potentiometry (Ding et al. 2021), and photoelec-
trochemical methods (Xu et al. 2022; Shu and Tang 2020), 
have been deployed and met the requirements of accuracy 
and sensitivity. However, high cost equipment, large volume 
and highly precise sample preparation are often intended by 
most of them. Even so, responding to the growing demand 
for efficient sensor materials with low cost, high sensitivity, 
good stability and ease of operation is still a big challenge.

Over the last decades, semiconductor colloidal quantum 
dots.(QDs) have gained considerable interest as fluorescent 
probes owing to their unique photophysical properties like 
size-tunable narrow emission bands, across the visible and 
NIR spectrum, with high photoluminescence efficiency, 
wide continuous absorption spectra, large stokes shift, long 
luminescence lifetime, excellent photostability and ease of 
functionalization (Wu et al. 2014a, b; Ben Brahim et al. 
2017; Du et al. 2017; García De Arquer et al. 2021). Hence, 
they have been favorably adopted in the fluorescence sensing 
systems compared to organic dyes which are generally suf-
fering of some drawbacks such as photobleaching and lower 
response signal. (Xia and Zhu 2007).

Aqueous route synthesized QDs are readily water solu-
ble, biologically compatible and photostable. Notably, their 
surface modification with appropriate capping ligands not 
only imparts higher photoluminescence quantum yield (QY) 
but also would make them available for ionic interactions. 
This causes analyte induced fluorescence changes taken as 
sensing response in analysis systems for various applications 
such.as bio-labelling, fluoroimmunoassay and ions sensing 
(Delehanty et al. 2011; Alibolandi et al. 2014; Chandan et al. 
2018; Das and Dutta 2021; Chen and Wu 2014; Ke et al. 
2014). Among II–VI QDs, functionalized CdTe generated a 
widespread interest as probes for multiple targeted species 
(Wei et al. 2015; Hao et al. 2019; Singh et al. 2020; Ensafi 
et al. 2016). To enhance affinity and specificity to the ana-
lyte, surface modification is inspected with stabilizing cap-
ping agent of thiol-based ligands (MPA, GSH, MSA, etc.) 
(Ribeiro et al. 2019; Cai et al. 2014). They have twofold 
role: governing the growth of QDs by adequate solubility 
in the dispersion solution and providing chemical accessi-
bility through functional groups (amine, carboxylate, etc.). 
The mercaptosuccinic acid (MSA) is recognized as a sta-
bilizer of choice that can provide QDs with high stability 
and good luminescence performance as well as having two 
effective –COOH functional groups giving strong affinity 
to multiple species (Sousa et al. 2018; Dutta et al. 2015; 
Hoang et al. 2022). Thus, the MSA molecule functions as 

an excellent reagent and stabilizer which predicts promi-
nent sensing characteristics of MSA functionalized CdTe 
QDs for metal ions probing in aqueous medium. However, 
their quantitative determination needs further understanding 
of the photophysical mechanisms governing the sensitive 
and selective cation detection. In this context and with the 
aim of obtaining an effective and low-cost nanochemsen-
sors that can be used at industrial scale, the present work 
reports the synthesis of MSA capped CdTe QDs and their 
optical and morphological characterization by UV–Vis. 
Absorption and photoluminescence spectroscopies as well 
as FTIR, transmission electron. microscopy (TEM) and XR 
diffraction techniques. Furthermore, they were evaluated for 
effectively measuring mercury ion content in water based 
on the luminescence quenching effect. To a certain extent 
in the micromolar range, a linear sensitivity toward  Hg2+ 
cations with good selectivity is appraised. To the best of 
our knowledge, few researchers have considered the adsorp-
tion characteristics in the sensing process. In a prominent 
approach, we have applied kinetics studies and equilibrium 
adsorption isotherms to evaluate the experimental data and 
to investigate the adsorption characteristics and the detec-
tion mechanisms taking into account the influencing param-
eters such as pH values, metal ion amount and surrounding 
medium influence.

The proposed probing system was successfully applied to 
 Hg2+ ions detection in tap water samples with satisfactory 
recovery that met the practical requirements. The determined 
analytical sensing performances favor convenient applica-
tion of the CdTe-MSA QDs in environmental fields as fluo-
rescence probe for Hg(II) cations.

Experimental

Reagents

All chemicals, Cd acetate dehydrate Cd(CH3COO)2.2H2O, 
Mercaptosuccinic Acid (MSA) HOOCCH(SH)CH2COOH, 
tellurium dioxide  (TeO2), NaOH and Sodium tetrahydrobo-
rate  (NaBH4)., purchased from Sigma–Aldrich (USA), were 
of analytical grade, no purification process was needed.

Synthesis of aqueous CdTe‑MSA quantum dots

CdTe-MSA QDs were synthesized through a colloidal 
hydrothermal route. In a first step, 6 mmol of Cd acetate 
dehydrate and 12 mmol of MSA were dissolved in 120 mL 
of deionized (DI) water. Then, the pH of this mixture was 
adjusted to 11 using NaOH solution (1M) and the solution 
was submitted to  N2 bubbling deaeration for 30 min. In the 
second step, another aqueous solution of TeO2−

3
 was pre-

pared (1 mmol of  TeO2 in 80 mL of DI water with excess 
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of NaOH) and added drop wisely to the initial one, with the 
reducing agent  NaBH4 in excess, with vigorous stirring at 
25 °C. The precursors conversion to CdTe QDs is accom-
plished by refluxing the mixture for 1.5 h under  N2. Finally, 
the solution was cooled to the room temperature to stop the 
QDs growth, then concentrated down to 25 mL using an 
evaporator.

The mixture was stirred for 1 h at 25 °C, followed by 
the addition of 20 mL of methanol to precipitate the CdTe 
QDs nanoparticles which were collected by filtration and 
dried in a desiccator under vacuum. The used precur-
sors concentrations give a stoichiometric ratio Cd/MSA/
Te = 6/12/1, allowing good saturation coverage of the dan-
gling bonds at the QDs surface.

Preparation of metallic ion solutions

The solutions of the metallic ions were prepared by dis-
solving the corresponding metal salts in DI water. All 
the inorganic salts, namely LiCl,  NaNO3, Ba(NO3)2, 
Ni(NO3)2.6H2O.,   CoCl2.6H2O, Zn(NO3)2.6H2O, 
Cu(NO3)2.3H2O, Fe(SO4)3.7H2O, Mn(SO4)0.2H2O, 
Cr(NO3)3, Hg((NO3)2,  KNO3 and Mg(NO3)2, were pur-
chased from Fluka or Sigma-Aldrich.

We dissolved one millimole of each salt in 10 mL of DI 
water to obtain  10−1 M stock solutions. They were diluted, 
with adjusted pH, to the desired concentrations as needed.

QDs characterization instruments

The Fourier transform infrared (FTIR) spectra were 
obtained with a Perkin Elmer FTIR spectrophotometer 
(version 5.3), at 25 °C, within the 400–4000  cm−1 wave-
number range and using KBr pellets. The x-ray diffraction 
(XRD) analysis of the synthesized QDs was determined 
by using a Philips X’Pert PRO.MPD diffractometer using 
the Cu  Kα line (λ = 1,542 Å). High-resolution transmis-
sion electron microscopy (HRTEM) characterization was 
carried out by a Philips CM200 instrument operating at 
200 kV accelerating voltage. Samples were analyzed after 
dropping 10 µL of the nanoparticles solution onto a car-
bon film left on copper grids and the solvent excess was 
evaporated. UV–visible absorption study was performed 
using a SPECORD 210.Plus spectrophotometer at 25 °C, 
with quartz cuvettes, in the range of 200–0.800 nm. Pho-
toluminescence (PL) measurements were done at 25 °C, 
using a helium-cadmium laser (λexc = 325 nm) within a 
conventional.PL setup. Time-resolved photoluminescence 
(TRPL) measurements were performed by a spectrometer 
Horiba Fluorolog, having NanoLED (Horiba) as excitation 
source at 372 nm.

Kinetics and isotherms of  Hg2+ adsorption 
experiments

To assess the adsorption properties of  Hg2+ cations on CdTe 
QDs, the effect of adsorption time (5–90 min) and initial 
concentration of Hg(II) ions (0.2–10 μM) were investigated. 
Adsorption and kinetic experiments were carried out at room 
temperature (298 K) where 1mg of CdTe QDs powder was 
added to 50 mL of  Hg2+ aqueous solution with various initial 
concentrations. The solution pH was adjusted to 7.2 by add-
ing NaOH. After passing the saturation time, the amount of 
residual mercuric ions in the solution supernatant fraction is 
measured by a UV–vis spectrophotometer. The equilibrium 
adsorption capacity Qe (mg.g−1) is given by the following 
equation: Qe =

(C0−Ce)
m

V

assuming Co (mg.L−1) and Ce (mg.L−1) are the cation 
initial and residual concentrations, respectively, m(g) is 
the mass of the CdTe-MSA QDs and V(L) is the solution 
volume.

To minimize random errors, experiments were repeated 
three times to yield mean values.

Results and discussion

Structural and chemical characterization 
of CdTe‑MSA QDs

The crystal structure, size distribution and surface functional 
groups of the prepared CdTe-MSA QDs were investigated 
using HRTEM, XRD and FTIR techniques. As displayed 
in HRTEM image (Fig. 1a), the QDs had good monodis-
perse nature and quasi-spherical shape, having an average 
diameter of 3.4 nm, deduced from QDs size distribution 
analysis (Fig. 1b). No reflections attributed to impurities 
were detected in the pattern proving the high purity of the 
material.

The existence of well resolved lattice planes, continuous 
all over the material, clearly reveals the crystal nature of the 
QDs. The interlayer distance 0.33 nm is close to the stand-
ard interplanar distance of the (111) planes in the cubic ZB 
crystal structure of CdTe (0.37 nm) as given in JCPDS Card 
No. 75–2086 (Shenouda and El Sayed 2015).

The crystal structure and the QDs mean size could be 
also determined from the XRD pattern (Fig. 2). The intense 
and broadened diffraction bands indicate the formation of 
particles at the nanoscale range.

The major diffraction peaks centered at 2θ equal to 25.3°, 
40.6° and 48.9°could be attributed dominantly to, respec-
tively, the (111), (220) and (311) crystallographic planes 
of the Zinc-blende ZB cubic structure of CdTe, as indexed 
in literature (Shenouda and El Sayed 2015; Smith et al. 
2009). Nevertheless, we cannot neglect the existence of a 
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small contribution from the hexagonal phase reflecting the 
polymorphism nature of these materials. We thought that 
this polytypism is manifestating in stacking faults of the ZB 
cubic phase (111) direction due to the tiny energy differ-
ence between the two structures (10 meV per atom). Also, 
the large band centered at nearly 49° is originating from the 
overlap of (311) ZB planes peak with those of the (103) and 
( 200) planes of the hexagonal system (Smith et al. 2009).

The mean quantum dot diameter D can be estimated by 
Scherrer’s formula (Bel Haj Mohamed et al. 2014) expressed 
by Eq. (1):

(1)D =
K�

�cos�

where λ = 1,54 Å is the wavelength of X Rays, k = 0.9 is the 
empirical Scherrer constant, θ is the angular position of the 
diffraction band ( in radians) and β is its full width at half 
maximum ( FWHM).

Relatively to the maximum peak at 2θ = 25.3°, assigned 
to the (111) plane, the average crystal size of CdTe-MSA 
QDs was estimated to be 3.1 nm. The particle size deter-
mined from TEM is rather larger than that given by XRD 
technique. Since the latter experiences systematic errors, 
the TEM is held to give more accurate measure (El Nahass 
et al. 2014).

FTIR measurements shed light on the bindings of the 
thiol capping ligands to the QDs surface. The resultant 
spectra of the pure MSA and. CdTe-MSA QDs in the 
500–4000  cm−1 range are shown in Fig. 3.

Fig. 1  a HRTEM image of CdTe-MSA QDs showing the crystal planes; b Size distribution Histogram

Fig. 2  XRD pattern of CdTe-MSA QDs with the ZB cubic structure 
peak assignments Fig. 3  FTIR spectra of pure MSA and MSA capped CdTe QDs with 

assignment of major bands
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For the pure MSA ligand, the most pronounced absorp-
tion bands occur at 3000  cm−1 ( ῡOH), 2550  cm−1 ( ῡSH), 
1680  cm−1 ( ῡC=O), 1290  cm−1 ( ῡC–O) and 630  cm−1 ( ῡC–S).

The ligation of capping MSA chain on the CdTe QDs 
reveals considerable changes in the FTIR spectrum. Notably, 
the disappearance of the characteristic thiol (S–H) vibra-
tion band, generally observed around 2550  cm−1, indicates 
the cleavage of this S–H bond and the sulfur atom fixation 
on the surface of nanoparticles. We infer that a new S-Cd 
covalent bond on the surface is established due to the strong 
interaction of sulfur atom electron pair with the cadmium 
atom, forming thus the capping layer that slows the growth 
of the quantum dots (Bel Haj Mohamed et al. 2014).

Pure MSA ligands with carboxylic acid groups display 
a broad –OH stretching band around 3000   cm−1 and a 
C=O asymmetric stretching mode at 1700  cm−1. For the 
CdTe-MSA QDs, two bands centered at 1420   cm−1 and 
1566  cm−1 appeared and are assigned to the –COO—sym-
metric and asymmetric stretching vibration modes since at 
pH = 12, the carboxylic acid groups undergo deprotonation 
in alkaline medium, given  pKa1 = 3.16 and  pKa2 = 4.67, 
and exists as carboxylate ion. This suggests that the MSA 
groups are bound to QDs surface leaving the hydrophilic 
–COO—groups directed outward which makes the surface 
negatively charged. This feature renders the electrostatic 
repulsion possible leading to capped QDs soluble and well 
dispersed in solution (Abdelbar et al. 2016). Furthermore, 
we could assign the broad band appearing around 3300  cm−1 
in the CdTe-MSA QDs FTIR spectrum to OH stretching 
mode of water molecules bound to QDs surface. Another 
band situated at 900  cm−1 is attributed to C–H bending (Liu 
et al. 2008; Kalsad et al. 2010). These results evidently con-
firmed the attachment of the capping MSA chain on the QDs 
surface.

Optical characterization of CdTe‑MSA QDs

An immediate evidence of the QDs growth comes from the 
optical spectra. The absorption profile shows a well resolved 
excitonic absorption band edge, indicating a relatively nar-
row QDs size distribution, which is assigned to the charac-
teristic  1S3/2–1Se electronic transition for the first excitonic 
state of size quantized CdTe-MSA QDs (Fig. 4a).

The optical band gap energy  Eg of QDs depends on the 
size. The absorption data allows to estimate Eg of the CdTe-
MSA QDs according to the Tauc equation given by Eq. (2):

Here, hν is the photon energy, α is the absorption coef-
ficient, A is a constant and n = 1

2
  for semiconductors with 

direct band gap (Tauc and Menth 1972).

(2)�h� = A(h� − Eg)
n

Quantitatively, in the plot of the function (αhν)2 ver-
sus hν, Eg is determined by the extrapolation of the near 
edge band tangent to α = 0. The intersection with the x-axis 
yielded the Eg value as Eg = 2.16 eV which is distinctly blue 
shifted relative to that of the CdTe bulk (1.5 eV) (Fig. 4b).

This increase in the band gap is attributed to the quan-
tum confinement effect. This behavior becomes more pro-
nounced with decreasing particle size in comparison with 
the bulk material Bohr exciton radius, resulting in changes 
in kinetic energy and an increase in the gap energy between 
allowed states near the absorption edge ( Kapitonov et al. 
1999; Gogoi et al. 2012).

To correlate nanoparticles band gap energy with their size 
at the aim of explaining the origin of the blue shift for the 
quantum confinement regime, Brus proposed the following 
equation within the effective mass approximation (EMA) 
(Brus 1986):

(3)Eg = Ebulk
g

+
h2

8r2

(

1

m∗
e

+
1

m∗
h

)

−
1.786

4��0�rr
− 0.248E∗

Ry

Fig. 4  a UV–vis absorption spectrum (blue line) and emission spec-
trum (red line, λexc = 325 nm) of the CdTe-MSA QDs, at T = 25 °C; b 
Determination of the QDs band gap by Tauc method
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Here, Eg is the QDs.gap energy, Ebulk
g

 is that of the bulk 
material and r is the QDs radius. The second term accounts 
for the kinetic energy term in function of the electron and 
the.hole effective.masses, m∗

e
 and m∗

h
 , respectively. The third 

term depicts the electron-hole Coulomb interaction whereas 
the fourth term,E∗

Ry
 , arises from the electron-.hole spatial 

correlation, which is generally small compared to the last 
two terms.

To estimate the CdTe-MSA QDs size, a simplified equa-
tion was used neglecting the Rydberg term, where the QDs 
radius was calculated to be r = 1.9 nm.

It is obvious that the CdTe QDs are considered in the 
strong confinement regime since their size is much less than 
the Bohr exciton radius in the bulk material,  aB = 7.3 nm.

We can notice that the sizes deduced from XRD and 
absorption spectra are slightly different which could be 
attributed to experimental considerations. In fact, XRD 
diffractograms were performed with powdered material 
whereas absorption data were collected for dispersed QDs 
in aqueous media and processed based on the EMA approxi-
mation assuming a spherical geometry (Pejjai et al. 2017).

The PL spectrum of the CdTe-MSA QDs solution under 
325 nm excitation at 25 °C reveals an intense band edge 
emission centered at 563 nm (Fig. 4a), with a FWHM of 
67 nm.

Interestingly, it shows a nearly symmetrical profile with 
very little emission tail in longer wavelength region (around 
620 nm) usually assigned to the charge carriers recombina-
tion to the surface trap states. This is further confirmed by 
the rather small Stokes shift, 37 nm, between the absorp-
tion maximum and this band which infers that MSA binding 
reduced surface defects.

The depicted features are essentially assigned to nearly 
homogeneous QDs of narrow size distribution with lower 
density of surface states and internal defects acting as non-
radiative trap states. In fact, due to higher surface.to volume 
ratio, surface defects are inherent.in nanoparticles, leading 
to unsaturated dangling bonds and interstitials located at the 
QDs surface. Therewith, the synthesis method, essentially 
the used stoichiometric ratio of synthetic precursors, caused 
the formation of punctual defects (vacancies or interstitial 
atoms) or extended ones (dislocations, aggregates). Act-
ing as capping ligands, MSA molecules not only efficiently 
improve the QDs stability and water solubility by formation 
of a Cd-thiol complex layer on their surface but permit also 
to passivate the surface trap states yielding higher photolu-
minescence (Ouni et al. 2022; Saikia et al. 2016; Bel Haj 
Mohamed et al. 2018).

To further investigate the recombination kinetics in the 
CdTe QDs by time-resolved photoluminescence spectros-
copy, we monitored the PL decay at the 563 nm emission 
peak.

A biexponential function (Eq. (4)) was the best fit to the 
decay curve (Fig. 5) with relative amplitudes  �i and time 
constants  �i:

The faster fluorescence decay component ( �1 = 24 ns, �1 
= 68%) is attributed to the intrinsic recombination of core 
states excitons. The longer lifetime ( �2 = 172 ns , �2 = 32%) 
is associated with surface states recombination (Ben Brahim 
et al. 2017). The average life time �av was calculated, using 
�av =

∑

�i�
2
i

∑

�i�i
 , to be 138 ns. This relatively long lifetime is an 

essential property for potential probes in chemical and bio-
logical sensing applications.

Interaction of the CdTe‑MSA QDs with metal ions 
and specificity for  Hg2+

The synthesized CdTe-MSA QDs witness many interesting 
characteristics, high photoluminescence, good photostabil-
ity, appropriate surface passivation and long lifetime, mak-
ing them potential candidates for sensing experiments using 
fluorescence measurements. Thus, we attempted to evaluate 
the analytical potential of our material as metal ions probes 
in water. In fact, the carboxylate groups in thiols have high 
affinity to these targets so that QDs can coordinate effi-
ciently. With various metal ions, such as  Cu2+,  Hg2+,  Ag+ 
and  Co2+, it induces fluorescence modulation, quenching or 
enhancement, upon ion binding with surface ligands accom-
panied by energy transfer, electron transfer and competitive 
cation exchange (Ribeiro et al. 2019; Labeb et al. 2018; Peng 
et al. 2018; Wang et al. 2016a, b; Lou et al. 2014).

(4)I(t) =1 exp

(

−t

�1

)

+2 exp

(

−t

�2

)

+ cst

Fig. 5  PL decay curve of CdTe-MSA QDs measured at λmax = 563 nm
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In our work, we investigated the response of CdTe-MSA 
QDs toward various metallic ions by monitoring their fluo-
rescence intensity. Among various metal cations tested at 
2 µM concentration  (Mn2+,  Hg2+,  Zn2+,  Na+,  Li+,  Ni2+, 
 K+,  Al3+,  Fe3+,  Cu2+,  Co2+.,  Cr3+,  Fe2+.), only  Hg2+ ions 
addition induced a drastic fluorescence quenching of the 
QDs aqueous solution (0.02 g·L−1) (Fig. 6). A very small 
fluorescence decrease is observed upon adding other metal 
cations. It was concluded that only  Hg2+ ions could signifi-
cantly complex with the CdTe-MSA QDs changing thus the 
surface chemical properties. Hence, the PL intensity can be 
monitored as the sensor signal.to detect specifically this ion 
in water.

Fluorescence measurements of CdTe‑MSA QDs 
for detection of  Hg2+

With the aim to reach the highest sensitivity permitting 
the analysis of samples with low concentrations, we have 
studied the pH effect on the fluorescence in the experimen-
tal sensing of CdTe QDs toward Hg(II) ions. In fact, with 
a special structure, having two carboxylate groups, MSA 
ligands need further attention not to weaken their passivat-
ing abilities for higher PL efficiency when maximizing their 
binding potential.

The pH effect on the PL intensity of CdTe-MSA QDs was 
investigated by measuring the relative fluorescence intensity 
F0

F
 vs the varying pH from 2 to 12, where F and F0 are the 

analytical fluorescence signal obtained in the presence and 
absence of  Hg2+ ions, respectively.

The obtained results, depicted in Fig. 7, showed a PL 
quenching effect due to  Hg2+ ions that evolved with the 

increase in pH from 4 to 7 then decreased with superior pH 
values.

When the pH is low in acidic medium, the surface-bind-
ing thiolate groups get protonated with increasing  H+ which 
results in a decomposition of the MSA-Cd2+ complex annu-
lus and the loss of coordination to QDs surface. That lower 
capping induces QDs aggregation and a higher density of 
nonradiative trap states that causes a small PL response.

At neutral pH, the carboxylic acid groups of MSA 
with  pKa1 = 3.16 and  pKa2 = 4.67 undergo deprotonation 
which likely strengthens the covalent binding between the 
thiols and  Cd2+ at the QDs surface, increasing thus the 
luminescence.

In alkaline medium pH > 7, as further deprotonation 
occurs, that leads to more carboxylate ions  COO− with 
greater charge on the surface of QDs augmenting hence 
their dispersion in aqueous solution. The diminishing of the 
fluorescence quenching may be attributed.to the formation 
of a coating hydrated product, Cd(OH)2 after interaction of 
 OH− in the solution with  Cd2+ ions on the CdTe QDs surface 
(Algar and Krull 2007; Wang et al. 2008; Gan et al. 2012).

As a result, we have performed all sensing experiments 
in standard conditions at pH = 7.2 with Tris–HCl buffer. The 
solutions were added in the order: CdTe QDs succeeded 
by Tris–HCl buffer and then mercury ions, with uniformly 
mixing for 5 min.

The PL properties of the synthesized CdTe-MSA QDs 
were studied upon the interaction with different  Hg2+ ion 
solutions at increasing concentrations. The pure CdTe QDs 
exhibited a nearly symmetric peak at 563 nm that was moni-
tored with gradual ions introduction under optimum condi-
tions. The results depicted in Fig. 8a revealed that the emis-
sion intensity have gradually declined with the increasing 

Fig. 6  PL spectra of the. CdTe-MSA QDs. solution (0.02 g·L−1) 
before and after adding various metal cations (2 µM)

Fig. 7  pH effect on the PL quenching of CdTe-MSA QDs (0.02 
g·L−1) upon the interaction with Hg(II) ions (2 µM)
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 Hg2+ content (0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4, 5, 6, 8, 9 and 
10 μM) and almost completely quenched at 12 μM of  Hg2+ 
concentration.

Moreover, a slight red shift of the emission band 
occurred, up to 8 nm at total quenching, without obvious 
changes in the spectral widths. This fluorescence feature 
could be ascribed to the strong interaction between the 
CdTe-MSA QDs and  Hg2+ cations that could change the 
surface chemical properties, resulting in the PL quenching. 
These results constitute a first approach demonstrating that 
CdTe-MSA QDs are suitable for an effective detection of 
 Hg2+ ions in solution that requires a deeper investigation of 
its mechanisms.

Fluorescence quenching of QDs by metal ions results 
from either a dynamic process or a static one but in many 

instances both of them occur simultaneously. The main 
feature in a static quenching mechanism consists of form-
ing a ground state complex: fluorescent probe—quencher 
ion, which is non-emissive, by binding with surface ligands 
due to their strong affinity. In dynamic process, collisional 
encounters fluorophore—metal ion results in electron trans-
fer and energy transfer via excited states leading to nonradia-
tive electron–hole recombination at the surface functional 
groups and metal ions leading to PL quenching.

To explore the PL quenching mechanism, we have applied 
the Stern–Volmer model described by the following equation 
(Labeb et al. 2018):

In this expression, F0 and F are the.PL intensities of the 
fluorophore in the absence and presence of the quenching 
 Hg2+ ions, respectively,  KSV is the Stern–Volmer constant 
and [Q] is the quencher concentration.

For purely static or dynamic process, the dependence of 
PL intensity ratio F0

F
 on quencher ion concentration is lin-

ear but in many circumstances, an upward curvature with 
concavity toward the y axis is observed attesting that both 
mechanisms occur together with the same quencher.

In our experiment circumstances, the Stern–Volmer plot 
of F0

F
 versus.[Hg2+] (Fig. 8b) revealed good linearity (cor-

relation coefficient R2 = 0.9906) for the Hg (II) ions concen-
tration ranging from 0.2 to 6 μM. This suggests that a sin-
gle class of receptor sites with uniform energy was equally 
accessible to all metal ions (Bel Haj Mohamed et al. 2018). 
The KSV constant, representing the quenching efficiency, was 
calculated from the linearized equation to be: KSV = 1.32  106 
 M−1.

For concentrations higher than 6  μM, the S–V plot 
reaches a plateau indicating that binding sites get saturated 
for quencher ions. A limit of detection (LOD) for  Hg2+ ions 
was estimated to be 0.05 μM in the operative conditions. Up 
to the IUPAC definition as 3α/K, it is the analyte concentra-
tion which produces a response signal equal to 3 times the 
α blank measurements standard deviation. (n = 10) where 
K is calibration graph slope (Shrivastava and Gupta 2011).

The quenching rate constant defined as  Kq = Ksv

�av
 , where τav 

is the average. PL decay time without quencher ions (138 ns) 
was then calculated to be Kq = 9.6  1012  M−1.s−1. This value 
is higher than the maximum diffusion collision quenching 
constant reported for a collision mechanism, 2.0  1010  M−1.
s−1. Hence, it is suggested that the quenching mechanism is 
static in nature, not dynamic, and is initiated by the forma-
tion of a nonfluorescent ground state complex between  Hg2+ 
ions and QDs ligands (Bel Haj Mohamed et al. 2018).

(5)
F0

F
= 1 + Ksv[Q]

Fig. 8  a Increasing  Hg2+ concentration effect on the CdTe-MSA QDs 
PL at 25 °C, in buffer at pH 7.2. Excitation wavelength λex = 325 nm; 
b Stern–Volmer plot of the fluorescence quenching of CdTe-MSA 
QDs dependence on  Hg2+ concentration
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Interaction mechanisms between  Hg2+ and CdTe 
QDs

Changes in the surface chemistry of QDs are closely related 
to the efficient fluorescence quenching attributed to mecha-
nisms of ion binding followed by electron transfer and com-
petition of ligands.

In this system, electrostatic interaction between quencher 
ions and the abundant carboxylate groups of the capping 
MSA ligands on QDs surface lead to the formation of a static 
complex between  Hg2+ and CdTe QDs by coordination inter-
action that quenches the fluorescence.

Most likely, at lower  Hg2+ concentration, these ions bind 
onto the surface of QDs through the functional carboxy-
late groups of MSA, facilitating the electron transfer from 
conduction band (CB) excited states to Hg(II) ions. An 
inhibition of the fluorescence is then observed due to the 
annihilation of the proper electron–hole recombination of 
QDs (Fig. 9).

When  Hg2+ concentration further increases, not only the 
fluorescence decrease continued but the maximum emis-
sion wavelength is red shifted too, which denotes that the 
surface chemistry of QDs has been changed. In addition to 
electron transfer which is always acting, a competition of 
ligands is put forward. In this mechanism, it is thought that 
 Hg2+ destroys partially the QDs-ligand Cd–S bond and enter 
into competition to coordinate with the sulfur atom of the 
ligand since the solubility constant of HgS (Ksp = 4  10−53) is 
much lower than that of CdS (Ksp = 8  10−27) indicating that 
Hg(II) ions have higher affinity toward -S- group (Labeb 

et al. 2018; Wu et al. 2014a, b). They could form more stable 
HgS sulfide by replacing  Cd2+ and some MSA ligands could 
detach from the surface leading to the charge transfer cut off 
through Cd–S bond and hence QDs fluorescence quenching 
(Fig. 9).

Moreover, a small proportion of QDs could merge after 
addition of  Hg2+ ions which increases the size slightly and 
causes fluorescence red shift. Nevertheless, the extent of the 
red shift (8 nm) and the unchanging HRETM spectra suggest 
that it was not so relevant to generate obvious aggregation 
(Gong et al. 2016).

The quenching behavior of QDs might also be attrib-
uted to alloy layer formation. In fact, due to considerably 
HgTe low solubility, almost 20 times lower than that of 
CdTe (Labeb et al. 2018), superficial substitution of.Cd2+ 
by  Hg2+ ions in QDs results in the formation of an ultra-
small  CdxHg1−xTe alloyed layer which barely increases the 
original QDs size. Nevertheless, this new structure imparts 
red shift and gives rise to more surface defect states leading 
to the emission quenching by nonradiative recombination 
pathways (Labeb et al. 2018; He et al. 2022; Pei et al. 2012; 
Preeyanka and Sarkar 2021).

Adsorption studies

For further comprehension of the detection mechanism in 
the fluorescence sensing process, analyzing the adsorption of 
 Hg2+ cations on CdTe-MSA receptor sites and determining 
their rate are vital for the evaluation of the sensor materials 
performance in practical applications (Deng et al. 2023). 

Fig. 9  Proposed mechanisms of coordination interaction between CdTe-MSA QDs and  Hg2+ ions at low and higher concentrations
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Adsorption behavior is analyzed via kinetics study and 
adsorption isotherms models.

Adsorption kinetics

The influence of the contact time on adsorption capacity is 
studied with the pseudo-first-order and pseudo-second-order 
kinetic models which have been widely applied to correlate 
the experimental adsorption data. They are given by the fol-
lowing equations (Mahmoud et al. 2022; Benjelloun et al. 
2021):

The pseudo-first-order kinetic model:

The pseudo-second-order kinetic model:

where Qe (mg.g−1) is the adsorption capacity at equilib-
rium and Q(t) (mg.g−1) that at a certain time t (mn), rep-
resenting the amount of adsorbed cation. K1  (min−1) and 
K2  (mg−1.g.min−1) are the corresponding adsorption rate 
constants.

Regarding kinetics study for the  Hg2+ adsorption on 
CdTe-MSA QDs, conducted at 298 K, data fitting results 
are presented in Fig. 10.

As seen, two distinct phases governed the adsorption pro-
cess. First,  Hg2+ ions were adsorbed rapidly by the CdTe-
MSA QDs in the first 20 min, due to the presence of numer-
ous adsorption sites on the nanocrystal surface. Functional 
carboxylate groups could coordinate mercuric cations via 

(6)Q1(t) = Qe

[

1 − exp
(

K1t
)]

(7)Q2(t) =
Q2

e
K2t

1 + QeK2t

electrostatic interaction and hydrogen bonding, permitting 
a rapid and significant diffusion mass transfer gradient of 
 Hg2+ on the CdTe-MSA surface.

In a subsequent stage, the adsorption rate slowed down 
until reaching an equilibrium at about 90 min. In fact, gradu-
ally less and less adsorption sites are available on the QDs 
surface as well as repulsive forces between the adsorbed and 
free  Hg2+ ions act simultaneously (Deng et al. 2023).

The application of the pseudo-second-order model gave 
poor correlation results with predicted Qe values that did 
not fit well with the experimental data with low correlation 
coefficient R2 value (0.978).

The pseudo-first-order kinetic model was characterized 
by a higher R2 value (0.991) and a calculated adsorption 
capacity (Q1e)cal = 10.71 mg.g−1, which is close enough to 
the experimental value (Qe)exp = 10.85 mg.g−1.

Hence, we can conclude that the  Hg2+ adsorption kinetics 
agree reasonably well with a pseudo-first-order model with 
an adsorption rate constant K1 = 0.306   min−1, giving an 
adsorption relaxation time (τ = 1

K1

 ) of approximately 
3.26 min at the temperature T = 298 K.

Adsorption isotherms

The adsorption behavior was analyzed by four different linear 
and nonlinear isotherm expressions via Langmuir/Freundlich 
and Redlich–Peterson models to figure out the interaction 
mechanisms of  Hg2+ cations with the surface of CdTe-MSA 
QDs. In fact, the distribution of these adsorbate species 
between the solution and the sorbent is determined by the 
adsorption isotherms. The plots of the experimental data and 
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Fig. 10  Kinetics for the  Hg2+ adsorption on CdTe-MSA QDs and its 
modeling with the pseudo-first-order equation (model 1) and pseudo-
second-order equation (model 2)
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their fitting models are depicted in Fig. 11 and the computed 
parameters are listed in Table 1.

The Langmuir model assumes monolayer adsorption pro-
cess on homogeneous surface having a definite number of 
adsorption sites of equivalent energy with no lateral interaction 
between adsorbate molecules (Langmuir 2018).

This model can be described by the following equation (Foo 
and Hameed 2010):

At adsorption equilibrium, the  Hg2+ cation concentration 
in solution is denoted as Ce (mg.L−1), Qe(mg.g−1) is the cor-
responding adsorption capacity and Qmax (mg.g−1) stands for 
the maximum monolayer adsorption capacity of CdTe-MSA 
QDs with Ke (L.mg−1) as the equilibrium adsorption constant.

As stated in Table 1 and shown in Fig. 11, the Langmuir 
adsorption isotherm provided a good correlation according to 
R2 value of 0.981, where the maximum adsorption capacity 
determined from this model Qmax = 10.34 mg.g−1 is too close 
to the experimental value of 10.41 mg.g−1.

The equilibrium adsorption constant value Ke = 8.78 
L.mg−1 indicates strong adsorbate–adsorbent interaction 
(Ribeiro et al. 2019).

An important feature often used in the Langmuir model is 
the dimensionless separation factor RL whose value permits 
to anticipate the nature of the adsorption process that could 
be either favorable adsorption (0 < RL < 1), unfavorable pro-
cess (RL > 1), linear adsorption (RL = 1) or irreversible process 
(RL = 0).

The separation factor RL is expressed by Eq. (9) (Ragadhita 
et al. 2021):

(8)Qe = Qmax

KeCe

1 + KeCe

(9)RL =
1

1 + KeC0

here, Co is Hg(II) initial concentration and Ke is Langmuir 
adsorption constant that yield the value RL = 0.79, indicating 
a favorable normal adsorption process.

The two-parameter Freundlich isotherm model 
describes the occurrence of a multilayer adsorption on a 
heterogeneous surface where stronger adsorbate binding 
sites are occupied first.

It is expressed as follows (Freundlich 1907):

At adsorption equilibrium, Ce (mg.L−1) is the  Hg2+ con-
centration in solution, Qe(mg.g−1) is the corresponding 

adsorption capacity, kf 
(

(

mg.g−1
)(

mg−1.L
)

1

nF

)

 is the Fre-

undlich adsorption capacity constant and nF is the Freun-
dlich exponent relative to the intensity of adsorption where 
nF ∈[1, 10] indicates a favorable adsorption.

Despite the value 1

nF
 ∼ 0.265 confirming a favorable 

 Hg2+ adsorption by this model, the Freundlich isotherm 
has poor correlation results since it does not fit well the 
experimental data and slightly diverges for higher concen-
trations. Furthermore, its regression coefficient R2 = 0.898 
is smaller than that of Langmuir model.

To additionally describe the adsorption of Hg(II) cati-
ons on CdTe QDs, Redlich–Peterson model was used com-
bining elements from both Langmuir and Freundlich mod-
els. It represents an adsorption mechanism that does not 
follow ideal monolayer, over a wide range of concentration 
of adsorbate and which is applicable in either homogenous 
or heterogeneous systems. This model is expressed by the 
following equation (Redlich and Peterson 1959):

In this equation, KR (L.g−1) is Redlich–Peterson constant, 
aR ((mg−1.L)β) is a constant and β is an exponent whose 
value is between 0 and 1. When β approaches 1, the adsorp-
tion behavior aligns with the Langmuir model, while for β 
approaching 0, the model reduces to the Freundlich model.

Upon data fitting, the Redlich–Peterson isotherm yielded 
R2 = 0.979 and a value of β approximately unity (0.991). 
These results confirm the model's strong correlation with a 
Langmuir-type isotherm and further supports the predomi-
nance of monolayer formation on a homogeneous adsorbent 
surface with nearly uniform energies of adsorption.

Lastly, the Langmuir–Freundlich (L–F) isotherm was 
employed to simulate the adsorption equilibrium data. 
It is a versatile model that characterizes the distribution 
of adsorption sites energy onto heterogeneous adsorbent 
surface. Mathematically, it is expressed as follows (Abu-
Alsoud et al. 2020):

(10)Qe = kf C
1∕nF
e

(11)Qe =
KRCe

1 + aRC
�
e

Table 1  Parameters of the isotherm models for  Hg2+ adsorption on 
CdTe-MSA QDs

Langmuir isotherm (R2 = 0.981)
Qmax(mg.g−1)
10.34

Ke(L.mg−1)
8.78

Freundlich isotherm (R2 = 0.898)
kf (

(

mg.g−1
)(

mg−1.L
)

1
nF )

3.80

1∕nF
0.265

Redlich–Peterson isotherm (R2 = 0.979)
KR(L.g−1)
39.71

aR((mg−1.L)β)
9.844

�

0.991

Langmuir–Freundlich isotherm (R2 = 0.979) KLF(L.mg−1)
8.57

nLF
0.996Qmax(mg.g−1)

10.31
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where KLF is the affinity constant for adsorption and  nLF is 
the heterogeneity index that lies between 0 and 1.

At low adsorbate concentration, this model approaches 
the Freundlich isotherm one, whereas for higher concen-
tration it becomes the Langmuir isotherm.

The calculated L–F parameters were Qmax = 10.41 
mg.g−1 and KLF = 8.58 L.mg−1 with a regression coefficient 
R2 = 0.979 which is lower than that of Langmuir isotherm.

As a conclusion, it was found that the isotherm experi-
mental data were best fitted with Langmuir model hav-
ing the highest R2 = 0.981. Since it is the most suitable in 
representing the adsorption process, we can suggest that 
the CdTe-MSA QDs adsorbent surface inculcates mon-
olayer coverage with homogeneous active sites of uniform 
energy. These receptor sites adsorbate  Hg2+ cations via 
weak interaction forces such as electrostatic interaction 
and hydrogen bonding (Yusuff et al. 2019).

Statistical physics modeling

For deeper analysis of the  Hg2+ adsorption process by 
CdTe-MSA QDS, statistical physics isotherms models 
were applied to determine additionally some physicochem-
ical parameters describing their interaction: the density of 
adsorption sites (Ds), the corresponding adsorption ener-
gies and the number of adsorbed cation per adsorption 
site (n).

Among them, the Hill adsorption model was applied 
assuming a monolayer adsorption process of single 
adsorption energy in which the receptor site can attach 
one or more than one cation as well as a fraction of a 
cation (Bouzid et al. 2019). Further explorations lead to 
other statistical physics models that studied the adsorption 
of cations involving the formation of two layers, consid-
ering one or two different adsorption energies relative to 
adsorbate–adsorbent interactions and adsorbate–adsorbate 
interactions, each adsorption site can accept a variable 
number of cations (Pang et al. 2020).

The evolution of the equilibrium adsorption capacity 
Qe, versus the cation concentration Ce within these models 
are given by the following equations (Pang et al. 2020):

♦ Monolayer process:

♦ Double layer process with one adsorption energy:

(12)Qe =
Qmax(KLFCe)

nLF

1 + (KLFCe)
nLF

(13)Qe =
nDs

1 +
(

C1∕2

Ce

)n

♦ Double layer process with two adsorption energies:

Here, Ds represents the density of receptor sites on the 
adsorbent surface, n stands for the number of anchored cat-
ion per receptor site and C1/2, C1 and C2 are the cation con-
centrations at half-saturation for each process, respectively.

The latter three models have been used to fit the experi-
mental adsorption data with the aim of studying the adsorp-
tion mechanism of  Hg2+ cations on the CdTe-MSA QDs. 
The corresponding plots and fitting parameters are depicted 
in Fig. 12 and Table 2.

The correlation parameters relative to the monolayer Hill 
adsorption model (R2 = 0.983 and RMSE = 0.0285) show 
that the best fit is described by its equation revealing that a 

(14)Qe = nDs

(

Ce

C1

)n

+ 2
(

Ce

C1

)2n

1 +
(

Ce

C1

)n

+
(

Ce

C1

)2n

(15)Qe = nDs

(

Ce

C1

)n

+ 2
(

Ce

C2

)2n

1 +
(

Ce

C1

)n

+
(

Ce

C2

)2n
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Fig. 12  Statistical physics modeling of adsorption isotherm for Hg.2+ 
on CdTe-MSA QDs at 298 K and pH = 7

Table 2  Data correlation results of the statistical physics models 
applied to the adsorption isotherm of  Hg2+ on CdTe-MSA QDs at 
T = 298 K

Isotherm model R2 RMSE

Hill model 0.983 0.0285
Two layers with one energy model 0.979 0.0312
Two layers with two energies model 0.978 0.0312



Applied Water Science (2024) 14:15 Page 13 of 17 15

uniform monolayer with the same uptake energy for  Hg2+ 
ions is covering the adsorbent surface upon adsorption.

Adsorption energy calculated by the Hill model is related 
to the half-saturation concentration C1/2 as expressed by the 
following nonlinear equation (Bouzid et al. 2019; Pang et al. 
2020):

where Cs is the cation precursor molecule solubility (i.e., 
65 g.L−1 for  HgCl2), R is the universal ideal gas constant 
(8.314  10−3 kJ  K−1  mol−1) and T is the adsorption tempera-
ture (T = 298 K).

Adsorption data fitting parameters upon applying this 
statistical physics model are given in Table 3.

The obtained results revealed a density of adsorption 
sites  Ds equal to 4.27 mg.g−1 and n = 1.03, suggesting that 
one  Hg+2 cation is linked to one receptor site of CdTe-MSA 
QDs.

The calculated adsorption energy ΔE = 32.84 kJ.mol−1 
is lower than 40 kJ/mol, which corresponds to a physical 
adsorption process.

On the basis of the above results, we can conclude that 
a parallel adsorption orientation of one cation per receptor 
site prevailed for the linkage of  Hg2+ ions on homogenous 
CdTe-MSA QDs surface with their functional groups as phy-
sisorption through hydrogen-bonding and weak electrostatic 
forces.

Selectivity

Besides sensitivity, selectivity is a crucial parameter for 
designing an optimal sensor for an analytical procedure. In 
fact, to be applicable as a probing system for  Hg2+ ions, 
CdTe-MSA QDs must function efficiently alike in the pres-
ence of other cations.

Under the optimal experimental conditions, the selectiv-
ity of the interlinkage probe-analyte was studied by moni-
toring, at the 563 nm maximum fluorescence wavelength, 
the CdTe-MSA QDs response toward  Hg2+ ions both in the 
absence and the presence of possibly interfering cations 
 (Mn2+,  Zn2+,  Na+,  Ni2+,  Li+,  K+,  Al3+,  Fe3+,  Cu2+,  Fe2+, 
 Co2+,  Cr3+). These ions may interfere with  Hg2+ ions and 
lead to fluorescence quenching due to possibly formation of 
insoluble salts or QDs aggregation (Zhou et al. 2022).

(16)ΔE = RTLn

[

Cs

C1∕2

]

For a 3 µM  Hg2+ solution with the simultaneous presence 
of various cations at 10 µM concentration, the fluorescence 
spectra revealed little changes in the intensity compared to 
that in the absence of competing metallic cations (≤ 5%). 
As shown with the interference bar diagrams (Fig. 13), the 
result indicates that the  Hg2+ ion selective binding is pre-
dominant when occurring with coexistence of competing 
metal ions which have negligible influence.

As a conclusion, the CdTe-MSA QDs probe system 
shows superior specificity and good selectivity for  Hg2+ 
ions within the measurement range, a high-priority feature 
for sensing experiments in solution that must be very useful 
in the analysis of complex samples.

Comparative study

The analytical performance of the synthesized CdTe-MSA 
QDs for mercury ions detection was compared with some 
previously reported works as summarized in Table 4. It can 
be inferred that the performance parameters in our study 
are comparable or even better than some of reported fluo-
rescence probes. Thus, high sensitivity and good selectivity 
for  Hg2+ ions together with wide linear detection range and 
low detection limit make the CdTe-MSA QDs good can-
didates for use as fluorescence probe to quantitatively and 
selectively detect  Hg2+ ions.in aqueous media.

Detection of  Hg2+ in real water samples

To investigate the practical application of our sensor system, 
real tap water samples were tested by spiking experiments 
for detection analysis. To this end, three replicate average 
recovery tests, by monitoring the fluorescence quenching, 
were performed on these samples spiked with different 

Table 3  Hill model steric and energetic parameters calculated for the 
 Hg+2 adsorption on CdTe-MSA QDS at 298 K

n Ds (mg.g−1) Qs (mg.g−1) C1/2 (mg.L−1) ΔE (kJ.mol−1)

1.03 4.27 10.40 0.113 32.84
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concentrations of  Hg2+ ions (1, 2, 3 and 4 μM) using the 
standard addition method. The results are summarized in 
Table 5.

Hg2+ recoveries ranged from 94 to 111.7% with rela-
tive standard deviation (RSD) values lower than 5%. These 
results demonstrate satisfactory reliability and accuracy of 
the proposed fluorescence probe which can be successfully 
used for the practical detection of Hg(II) ions in real water 
samples.

Conclusions

Water soluble CdTe QDs capped with mercaptosuccinic 
acid (MSA) ligands were prepared by an environmental 
friendly one-pot hydrothermal synthesis method. Endowed 
with good spectroscopic properties, this system favors 
convenient sensing applications based on fluorescence 
quenching by specific analytes. Under optimal condi-
tions, we have demonstrated an effective CdTe-MSA QDs 
fluorescence quenching only with  Hg2+ ions, with little 
interference effect from other cations. The concentration-
dependent fluorescence quenching study by Stern–Volmer 
model revealed relatively wide linear detection range and 
low detection limit. The ligation mechanism could be 
described as a static process by cation binding followed 
by electron transfer from QDs excited states to mercury 
ions and competitive cations exchange. Further investiga-
tion on this adsorption process by analytical and isotherms 

modeling showed that is governed by pseudo-first-order 
kinetics and conforms to Langmuir and Hill isotherms 
indicating a monolayer physisorption on homogenous 
active receptor sites.

The analytical results of probing real water samples 
are promising for establishing a reliable detection method 
demonstrating that the prepared CdTe-MSA QDs are 
potential candidates as highly sensitive and selective fluo-
rescence sensors to detect Hg(II) ions in aqueous solution 
to counteract environmental pollution.
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Table 4  Different nanoparticle-
based fluorescent probes for 
 Hg2+ detection

Probe Linear range LOD (nM) Reference

MSA-CdS QDs [0.1–10 μM] 51 Hosseini and Pirouz (2014)
Carbon dots [0.1–20 μM] 62 Tabaraki and Sadeghinejad (2018)
CdSe/ZnS QDs [0.1–100 μM] 90 Li et al. (2021)
CdTe:Ce QDs [0.01–0.06 μM] 2.6 Chu et al. (2021)
CdTe QDs [0–0.10 μM] 3.3 Guo et al. (2019)
BSA-Au NCs [0.2–60 μM] 30 Wang et al. (2016a, b)
Graphene QDs [0.8–9 μM] 100 Wang et al. (2014)
MSA-CdTe QDs [0.1–6 μM] 50 This work

Table 5  Analytical performance of the MSA-CdTe probe for  Hg2+ 
detection in tap water samples

Samples Hg2+ 
added 
(μM)

Hg2+ found (μM) Recovery (%) RSD (%) 
(n = 3)

Tap water 0 Not detected
1 0.94 94 4.5
2 1.95 97.5 2.4
3 3.11 111.7 3.2
4 4.07 106.3 2.8

http://creativecommons.org/licenses/by/4.0/
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