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This  paper  described  an  investigation  of  a novel  eco-friendly  fluorescence  sensor  for  Hg2+ ions  based
on  N-acetyl-l-cysteine  (NAC)-capped  ZnS  quantum  dots  (QDs)  in  aqueous  solution.  By using  safe  and
low-cost  materials,  ZnS  QDs  modified  by  NAC  were  easily  synthesized  in  aqueous  medium  via a one-
step  method.  The  quantitative  detection  of  Hg2+ ions  was  developed  based  on  fluorescence  quenching
of  ZnS  QDs  with  high  sensitivity  and  selectivity.  Under  optimal  conditions,  its response  was  linearly
proportional  to  the  concentration  of  Hg2+ ions  in  a  range  from  0 to  2.4  × 10−6 mol  L−1 with  a  detection
eywords:
inc sulfide
uantum dots
ensors
luorescence
ercury  ions

limit  of  5.0  ×  10−9 mol  L−1. Most  of  common  physiologically  relevant  cations  and  anions  did  not  interfere
with  the  detection  of  Hg2+.  The  proposed  method  was  applied  to  the  trace  determination  of  Hg2+ ions
in  water  samples.  The  possible  quenching  mechanism  was  also  examined  by  fluorescence  and  UV–vis
absorption  spectra.

© 2011 Elsevier B.V. All rights reserved.

anoparticles

. Introduction

Much attention has been paid to the environmental contami-
ation with toxic heavy metal ions for decades [1]. Among them,
ercury is a well-known dangerous pollutant over the world.
ater-soluble inorganic mercuric ion (Hg2+), released from both

atural and industrial sources, has severe adverse effects on human
ealth when present in drinking water even at low concentra-
ions [2]. In aquatic sediments, bacteria can convert Hg2+ into

ethylmercury, a potent neurotoxin that can accumulate in the
uman body through food chain and cause permanent damage
o the brain [3–7]. Therefore, the rapid, economical, sensitive and
elective detection of trace Hg2+ in the environment is extremely
mportant. Up to date, different analytical techniques including
tomic absorption spectroscopy [8], cold vapor atomic fluorescence
pectrometry [9], inductively coupled plasma mass spectrometry
10] and gas chromatography [11] have been developed to detect
g2+. As alternative methods, optical sensors, based on changes
f spectral absorbance or fluorescence resulting from the interac-
ions between Hg2+ and indicators, have been demonstrated to be
he simple and quick approach [12–17]. Fluorescence-based sen-

ors, in particular, are extremely attractive because of their intrinsic
ensitivity and selectivity [18,19].

∗ Corresponding author. Tel.: +86 531 88365017; fax: +86 531 88366280.
E-mail  address: jhzhan@sdu.edu.cn (J. Zhan).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.06.071
So far, a number of fluorescent sensors for Hg2+ ions, based on
small organic molecules [20–22], biomolecules [23], polymers [24]
and foldamers [25], have been reported. Their further applications
may be hindered by their complicated synthesis, photo-bleaching
or the lack of water solubility. Recently, QDs with water solubility
have attracted considerable interest as novel fluorescent sensors. In
comparison with traditional organic fluorophores, QDs have unique
optical properties such as broad excitation spectra, tunable narrow
emission spectra, negligible photo-bleaching and excellent chem-
ical stability, making them more suitable for fluorescent analysis.
Since Chen and Rosenzweig first used CdS QDs modified by differ-
ent ligands as luminescent probes to detect copper and zinc ions
in aqueous medium [26], several groups have employed QDs as
chemical sensors for cations [27–30] and anions [31–35].

Some QDs-based sensors for Hg2+ ions in aqueous medium have
been developed. l-Cysteine (l-Cys) [36] and mercaptoacetic acid
(MAA) [37] capped CdS QDs and CdS-encapsulated DNA nanocom-
posite [38] were synthesized for the detection of Hg2+. CdSe QDs
modified by triethanolamine (TEA) [39] and l-Cys [40,41] were used
for sensing Hg2+. CdTe QDs coated with mercaptopronionic acid
(MPA) [42] and denatured bovine serum albumin (dBSA) [43] were
utilized for Hg2+ analysis. A specific method for Hg2+ determination
using the fluorescence resonance energy transfer (FRET) between
CdTe QDs and butyl-rhodamine B (BRB) was proposed by Li et al.

[44]. Liang et al. applied synchronous fluorescence spectroscopy
to determine Hg2+ with glutathione (GSH)-capped CdS nanoparti-
cles [45]. More recently, Wang et al. reported a Hg2+ sensor based
on Eu3+-doped CdS composite nanoparticles [46]. Although these
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eveloped QDs-based sensors for Hg2+ provide low detection limits,
early all of them were based on Cd-chalcogenide QDs (CdS, CdSe,
dTe). Herein, considering the high toxicity of Cd, we  developed a
ovel eco-friendly fluorescence sensor for Hg2+ based on Cd-free
nS QDs with high sensitivity and selectivity. The ZnS QDs were
ynthesized in aqueous medium via a one-step method. N-acetyl-
-cysteine (NAC), a non-toxic and cost-effective biomolecule [47], is
sed as stabilizer. The prepared products were water-soluble, bio-
ompatible and low-toxic, which made it possible for NAC-capped
nS QDs as an eco-friendly fluorescence sensor for Hg2+ based on
uorescence quenching of ZnS QDs. The quenching mechanism was
xamined by fluorescence and UV–vis absorption spectra.

.  Experimental

.1. Reagents and chemicals

N-acetyl-l-cysteine (NAC) was obtained from Aladdin Chem-
cals. Zn(Ac)2·2H2O and Na2S·9H2O were obtained from Tianjin
hemical Reagent Company. Other analytical grade chemicals were
urchased from Shanghai Chemical Reagent Company. All of the
hemicals were used as received without further purification.
ltrapure water with 18.2 M�/cm was used throughout.

.2.  Characterization of samples

Ultraviolet–visible (UV–vis) absorption spectra were obtained
sing a TU-1901 UV–vis spectrophotometer (Beijing, China).
hotoluminescence (PL) spectra were made with an F-380 spec-
rofluorimeter (Tianjin, China). The decay time was  recorded on
n Edinburgh FLS 920 spectrofluorometer, equipped with a 450 W
enon lamp, a 150 W nF900 nanosecond flash lamp with a pulse
idth of 1 ns and pulse repetition rate of 40–100 kHz. High res-

lution transmission electron microscopy (HRTEM) images were
cquired on a JEM 2100 (JEOL, Japan) electron microscope oper-
ting at 200 kV. X-ray diffraction (XRD) patterns were recorded
n a Bruker AXS D8 Advance X-ray diffractometer with Cu K�
adiation (� = 1.5418 Å). The energy-dispersive X-ray spectroscopy
EDS) data was  carried out on a JEOL JSM-6700F scanning electron

icroscope. The pH values were measured with a Model pHS-3C
igital pH meter (Shanghai, China). All optical measurements were
erformed at room temperature under ambient conditions. The
uantum yield (QY) of ZnS QDs was determined by using Quino-

ine sulfate in 0.05 mol  L−1 H2SO4 aqueous solution (QY = 55%) as
L reference [48].

.3.  Synthesis of NAC-capped ZnS QDs

ZnS QDs were synthesized via a one-step method. In a typi-
al synthesis, 1 mL  of 0.1 M Zn(Ac)2·2H2O and 0.0652 g NAC were
ixed together in a 100 mL  Erlenmeyer flask, then the solution was

iluted to 47.5 mL  with water. The pH of the mixed solution was
djusted to 10.5 with 2 M NaOH. After that, 1 mL  of 0.1 M Na2S·9H2O
as added into the above solution and stirred for 20 min. The final
H of the mixed solution was 10.8 and the total volume was  50 mL.
he resulting mixture was aged at 90 ◦C for 2 h under open-air
onditions. The obtained QDs were precipitated with ethanol and
edissolved in water for further experiments.

.4. General procedure for detection of Hg2+ ions
The general detection procedure for Hg2+ was  as follows: into
 series of 10 mL  colorimetric tubes, 0.4 mL  of ZnS QDs stock solu-
ion, 0.35 mL  of citric acid–Na2HPO4 physiological buffer solution
pH 7.2) and different amounts of ions were sequentially added.
Fig. 1. Typical XRD pattern of ZnS QDs.

The mixture was diluted to 5 mL  with ultrapure water, shaken thor-
oughly and equilibrated at room temperature for 15 min. Reference
solution was  the same without any ions added. The relative fluo-
rescence intensity was  measured at �em/�ex = 433/300 nm.

3. Results and discussion

3.1.  Optimization of ZnS QDs synthesis

To obtain high-quality ZnS QDs, the influences of various syn-
thesis parameters including the precursor concentration, the molar
ratio of NAC to Zn2+, the pH of the reaction solution and the reaction
time on the fluorescence intensity of ZnS QDs  were investigated.
ZnS QDs with relatively high fluorescence (QY = 10%) were prepared
at 90 ◦C for 2 h, with the precursor concentration of 2 mM,  at NAC
to Zn2+ molar ratio of 4:1 and pH 10.8. Besides, we also tested dif-
ferent kinds of stabilizers on the fluorescence intensity of ZnS QDs.
The stabilizers had a great influence on the fluorescence of ZnS QDs.
At the same experimental conditions, NAC-capped ZnS QDs had
the optimal fluorescence in comparison with ZnS QDs modified by
other stabilizers like l-Cys, GSH, mercaptosuccinic acid (MSA) and
MPA  (see Fig. S1 in supporting information).

3.2. Characterization of NAC-capped ZnS QDs

A typical XRD pattern for the NAC-capped ZnS QDs is shown
in Fig. 1. The powder XRD pattern showed broad peaks typi-
cal for nanocrystals. All the reflections were indexed to (1 1 1),
(2 2 0), (3 1 1) of the cubic (zinc blende) ZnS (JCPDS No. 65-1691).
The average particle size of the product calculated by the Scher-
rer equation was around 2.7 nm. Fig. 2 provides HRTEM image
of as-prepared ZnS QDs, which shows that the obtained ZnS QDs
appeared as spherical particles with excellent monodispersity. The
average diameter of these nanocrystals was  estimated to be 3.0 nm,
which was in accordance with the result of XRD.

3.3. Absorption and fluorescence characteristics of NAC-capped
ZnS  QDs

The absorption and fluorescence spectra of ZnS QDs are shown in
Fig. 3. The first absorption peak was  located at 290 nm,  which blue
shifted 50 nm compared to the ZnS bulk phase absorption (340 nm)

[49], showing a quantum size effect of the prepared ZnS QDs. The
emission peak centered at 433 nm when excited at 300 nm.  As
shown in the inset image of Fig. 3, the solution of ZnS QDs dis-
played bright blue fluorescence under a 360 nm UV lamp. The blue
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Fig. 2. HRTEM image of ZnS QDs.

mission around 433 nm was attributed to the defect-related emis-
ion of ZnS [50].

.4.  Factors affecting the detection of Hg2+ ions with NAC-capped
nS  QDs

.4.1. Effect of reaction time and mixing sequence
According to the experiment, the reaction between ZnS QDs and

g2+ ions reached the equilibrium within 5 min  at room tempera-
ure, and the fluorescence of ZnS QDs–Hg2+ system was stable for
t least 1.5 h. Several adding sequences were also tested, indicating
hat the best order was to mix  ZnS QDs, buffer solution first and
hen Hg2+. The fluorescence signals of the system were recorded
fter the reaction lasted for 15 min.

.4.2. Effect of pH and buffer solution
As shown in Fig. 4, the interaction between ZnS QDs and

g2+ was strongly influenced by the pH of the solution. The flu-
rescence intensity of ZnS QDs was enhanced with the increase
f solution pH. The low fluorescence intensity in acid medium

ight be due to the dissociation of Zn–NAC complexes’ annu-

us owing to the protonation of the surface binding thiolates
51]. With increasing the solution pH, the deprotonation of thiol
roup in the NAC molecule could strengthen the covalent bond

ig. 3. UV–vis absorption and fluorescence spectra of ZnS QDs. Inset is the optical
hoto  under a 360 nm UV lamp.
Fig. 4. Effect of pH on the reaction between ZnS QDs and Hg2+. The concentrations
of  ZnS QDs and Hg2+ were 1.6 × 10−4 and 2 × 10−7 mol L−1, respectively.

between NAC and Zn atom on QDs surface, resulting in the
increase of fluorescence intensity. The maximum change of fluores-
cence intensity was observed at a neutral pH 7.2. Meanwhile, the
effect of Na2HPO4–NaH2PO4, KH2PO4–NaOH, Tris–HCl and citric
acid–Na2HPO4 buffer solution was also tested. The optimal buffer
solution was  citric acid–Na2HPO4, and the best buffer volume was
0.35 mL.  Therefore, 0.35 mL  of pH 7.2 citric acid–Na2HPO4 was
selected for use in this work.

3.4.3.  Effect of ZnS QDs concentration
To  obtain the highest sensitivity and the widest linear range

of the calibration function, the effect of the concentration of NAC-
capped ZnS QDs on the relative fluorescence intensity (F0/F) of the
ZnS QDs–Hg2+ system was investigated. The fluorescence inten-
sity increased with the increase of ZnS QDs concentration (not
shown). Higher QDs concentration could increase the linear range
but reduce the sensitivity. As shown in Fig. 5, the maximum F0/F was
achieved when the concentration was 1.6 × 10−4 mol L−1. Consid-
ering both high sensitivity and wide linear range, 1.6 × 10−4 mol  L−1

was  recommended for further research.

3.4.4. Effect of foreign ions

The  effect of different biologically relevant cations (Fig. S2A)

and anions (Fig. S2B) on the fluorescence of NAC-capped ZnS QDs
was  systematically conducted to evaluate the selectivity. Fig. S2A
shows that Hg2+ displayed the strongest fluorescence quenching

Fig. 5. Effect of ZnS QDs concentration on the relative fluorescence intensity (F0/F)
of ZnS QDs–Hg2+ system. The Hg2+ concentration was 2 × 10−7 mol  L−1.
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Table  1
Test  for the interference of different cations and anions on the fluorescence of NAC-capped ZnS QDs at pH 7.2.

Coexisting substance Coexisting concentration
(10−7 mol  L−1)

Relative error (%) Coexisting substance Coexisting concentration
(10−7 mol L−1)

Relative error (%)

Na+ 4000 +4.3 F− 4000 +4.3
Mg2+ 3000 −4.7 Cl− 4000 +4.3
Ca2+ 4000 −4.6 I− 4000 +0.8
Sr2+ 1000 +3.0 S2− 4000 +0.5
Ba2+ 600 −3.5 S2O8

2− 4000 +4.5
Fe3+ 400 +1.6 SO3

2− 4000 +0.1
Co2+ 1600 +3.2 HPO4

2− 4000 +3.7
Ni2+ 1600 +2.8 Ac− 4000 +2.8
Mn2+ 2000 −2.4 HCO3

− 4000 +3.5
Cu2+ 5 −4.2 ClO4

− 4000 +2.7
Ag+ 40 −3.2 CO3

2− 4000 +3.8
NO3

− 4000 +5.0
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Fig. 6. (A) Effect of Hg2+ concentration on the fluorescence of ZnS QDs and (B)
Zn2+ 1600 +1.4 

oncentration of Hg2+ ion: 1.0 × 10−7 mol  L−1. Other conditions are the same as tho

f ZnS QDs, and Cu2+ could minimally quench the fluorescence,
hile other ions scarcely had effect on the fluorescence of ZnS
Ds. Meanwhile, the fluorescence titration of NAC-capped ZnS QDs
ith various coexisting ions was conducted to further examine

he interference of foreign ions in the determination of Hg2+ ions
1.0 × 10−7 mol  L−1). As shown in Table 1, relatively high concentra-
ions of alkali, alkaline earth, etc. cations did not cause interference,
nly Cu2+ can be tolerated with relatively low concentrations. Halo-
en anions, CO3

2−, NO3
−, etc. anions showed slight interference at

000-fold higher than the concentration of Hg2+. The experimental
esults showed that most of the examined coexisting ions hardly
nterfered with the Hg2+ determination.

.5.  Analytical performance of NAC-capped ZnS QDs

The effect of Hg2+ concentration on the fluorescence of NAC-
apped ZnS QDs is shown in Fig. 6A. The fluorescence intensity of
AC-capped ZnS QDs was dramatically decreased with increase
f Hg2+ concentration. So a quantitative detection of Hg2+ ions
ased on fluorescence quenching was possible. It was  further found
hat the quenching effect of Hg2+ on the fluorescence of ZnS QDs
as concentration-dependent and the fluorescence quenching data
tted Stern–Volmer-type relationship, which was given by the fol-

owing equation:

F0

F
=  1 + KSV[C]

 and F0 are the fluorescence intensities of ZnS QDs in the presence
nd absence of Hg2+ respectively, [C] is the Hg2+ concentration,
nd KSV is the Stern–Volmer quenching constant. Fig. 6B shows
he Stern–Volmer plot describing F0/F as a function of Hg2+ con-
entration. The KSV was found to be 3.76 × 106 L mol−1. A good
inear relationship was observed at the Hg2+ concentration from

 to 2.4 × 10−6 mol  L−1 with a correlation coefficient of 0.9985. The
imit of detection (LOD), calculated following the 3� IUPAC criteria,

as 5.0 nM.  The relative standard deviation of six replicate mea-
urements for solution containing 1.0 × 10−7 mol  L−1 Hg2+ ion was
.5%. It can be seen that the proposed method had a comparable or
uperior linear range and detection limit compared with the current
sed Cd-chalcogenide QDs-based sensors for Hg2+ detection, the
nalytical results of some QDs-based sensors for the determination
f Hg2+ are summarized in Table 2.

To  evaluate the practical application of the developed method,
he ZnS QDs-based sensor was applied to determine Hg2+ ions in tap
ater and spring water samples. Mercury in water GBW(E)080701
s certified reference material was analyzed by this method. The
esults are shown in Table 3. It can be found that the results of
ecovery for water samples were satisfied and the concentrations of
g2+ determined by the proposed method were in good agreement
Stern–Volmer plot of the fluorescence intensity of ZnS QDs vs. the Hg2+ concen-
tration.  The concentrations of Hg2+ (a–m, ×10−6 mol  L−1) were: 0, 0.02, 0.06, 0.1,
0.2,  0.4, 0.6, 0.8, 1.0, 1.6, 2.0, 2.4, 3.0.

with those obtained by cold vapor atomic fluorescence spectrome-
try (CV-AFS), suggesting this method was reliable and practical for
detecting Hg2+ ions in aqueous environment.

3.6.  Possible mechanism of quenching

Up to now, many quenching mechanisms including electron

transfer process, ion binding interaction, inner filter effect and non
radiative recombination pathway have been proposed to explain
the quenching phenomena of QDs [26,36,42]. In general, two mech-
anisms were proposed to explain the quenching effect of Hg2+ on
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Table 2
Comparison of analytical performance of QDs-based sensors for Hg2+ detection.

Reagents �ex/�em (nm) Linear range (×10−7 mol  L−1) LOD  (×10−9 mol  L−1)

MAA-capped CdS QDs [37] 360/495 0.05–4 4.2
l-Cys-capped CdSe QDs [40] 430/530 0–20 6.0
dBSA-capped CdTe QDs [43] 380/541 0.12–15 4.0
CdTe–BRB FRET system [44] 447/576 0.625–25 20.3
NAC-capped  ZnS QDs 300/433 0–24 5.0

Table 3
Analytical results for the determination of Hg2+ in tap water samples using NAC-capped ZnS QDs.

Samples Certified value
(�g/mL)

This  method (�g/mL)
n  = 5

Hg(II) added
(10−6 mol  L−1)

Hg(II) founded (10−6 mol L−1)a Recovery (%) RSD (%)

This method CV-AFS

GBW(E)080701 0.100 0.104 1.2

Tab  water
0.2  0.19 0.22 95.0 3.0
0.4  0.405 0.41 101.3 2.8

Spring  water
0.2  0.189 0.182 94.5 2.1
0.4  0.392 0.39 98.0 2.4

a The average of five replicate determinations.
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ions. Hg2+ ion, being one of the “soft” metal ions, had strong affin-
ity with the carboxyl and amido groups of NAC on the surface of ZnS
QDs. The electron transfer between ZnS QDs and Hg2+ resulted in
the fluorescence quenching of ZnS QDs by facilitating nonradiative
Scheme 1. Schematic illustration for the fluor

Ds fluorescence. For example, Yan et al. reported that the fluo-
escence quenching of CdS QDs by Hg2+ was due to the formation
f HgS particles. Owing to the lower solubility of HgS compared
ith CdS, HgS particles were formed through the displacement

f Cd(II) by Hg(II) on QDs surface, leading to a red shift of the
bsorption peak [36]. On the other hand, Zhu et al. demonstrated
hat Hg2+ quenched the fluorescence of QDs through an electron
ransfer process between surface ligands and Hg2+ without spectra
hift [40–42]. In our study, the quenching mechanism was  studied
y fluorescence and UV–vis absorption spectra. As illustrated in
ig. 6A, the fluorescence intensity of ZnS QDs was quenched with-
ut spectra shift in the presence of Hg2+. To further understand
he quenching effect, UV–vis absorption spectra of ZnS QDs in the
bsence and presence of Hg2+ ions were investigated. As shown in
ig. 7, no shift was observed in the absorption peak of ZnS QDs with
ddition of Hg2+. The fluorescence quenching of ZnS QDs, with no
pectra shift in both absorption and emission peaks in the pres-
nce of Hg2+, was in accordance with the latter literature discussed
bove. Meanwhile, XRD and EDS of ZnS QDs after addition of Hg2+

ons were performed. The diffraction patterns before and after addi-

ion of Hg2+ were identical (Fig. S3) and there was no Hg element
ound in EDS data (Fig. S4), indicating HgS particles were not formed
n our system. The quenching mechanism was assumed to be the
ffective electron transfer from surface traps of ZnS QDs to Hg2+
e quenching of NAC-capped ZnS QDs by Hg2+.
Fig. 7. UV–vis absorption spectra of ZnS QDs in the absence and presence of different
concentrations  of Hg2+.
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ecombination of excited electrons (e−) in the S2−-vacancy-related
and and holes (h+) in the valence band. The quenching mech-
nism is shown in Scheme 1. To further confirm the quenching
echanism, the fluorescence decay profiles of ZnS QDs at different

oncentrations of Hg2+ were recorded, and the decays were fitted
ith the equation of I(t) = A1 exp(−t/�1) + A2 exp(−t/�2) (as shown

n Table S1). The fluorescence lifetimes of ZnS QDs were decreased
ith addition of Hg2+, which may  result from the electron transfer

rom surface traps of ZnS QDs to Hg2+.

. Conclusions

A  novel eco-friendly fluorescence sensor for Hg2+ with high sen-
itivity and selectivity was developed using health-friendly ZnS
Ds as a fluorescent probe. Water-soluble ZnS QDs capped with
AC were easily synthesized by a one-step process. The factors
ffecting both the synthesis of NAC-capped ZnS QDs and the fluo-
escence detection for Hg2+ were tested. Under optimal conditions,
elatively wide linear range (from 0 to 2.4 × 10−6 mol  L−1) and low
etection limit (5.0 × 10−9 mol  L−1) were obtained. Most common
oexisting cations and anions hardly interfered with the determina-
ion of Hg2+. The concentration-dependent fluorescence quenching
ould be described by Stern–Volmer equation and the quench-
ng mechanism was attributed to the effective electron transfer
rom surface traps of QDs to Hg2+ ions. The proposed method
as applied to the recognition of Hg2+ ions in real water sam-
les.
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