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A B S T R A C T

This work reports on the development of a method for determination of Cd(II) and Pb(II) in the presence
of each other using resonance light scattering (RLS) technique. In this regard, cysteamine functionalized
CdS hollow nanospheres were synthesized and used as a probe. The synthesized hollow nanospheres
were fully characterized using SEM, TEM, XRD, DLS and FTIR measurements. By the aid of synchronous
scanning of the excitation and emission monochromators of a conventional spectrofluorometer, RLS
spectra of the synthesized nanospheres in the presence and absence of the investigated metal ions were
studied, and enhancement effect of the investigated metal ions was observed. The results showed that
under different optimized conditions, it is possible to determine the investigated metal ions in the
presence of each other with detection limits of 9.0 and 10.0 mg L�1 for Pb(II) and Cd(II), respectively.
Furthermore, the real sample analysis results confirmed the method applicability for accurate analysis of
real water samples.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Resonance light scattering (RLS) is a special rescattering
occurring when the wavelength of the scattered light is located
at or close to the molecular absorption band. The spectral
characteristics and scattering intensity are strongly influenced
by the molecular size, shape, conformation, and interfacial
properties [1], which further provide favorable new information
for the study of the interaction of biological macromolecules and
the molecular recognition. In recent years, RLS technique has
gradually gained regards from chemists [1–4]. It is characterized by
high sensitivity, convenience in performance and simplicity in
apparatus (usually common spectrofluorometer). The light scat-
tering signals can be easily detected by synchronously scanning
both the excitation and emission monochromators with a
conventional spectrofluorometer. Up to now, it has been exten-
sively applied to the analysis of biomacromolecules such as nucleic
acids [5,6], proteins [7,8], polysaccharides [9], drugs [1,10],
surfactants [11], inorganic ions [12], chiral compounds [13] and
nanoparticles [14].

Recently, application of various nanoparticles as a probe for
determination of various organic and inorganic compounds by
light scattering techniques is increasing. Various nanoparticles
such as gold [15,16], silver [17,18], gold-silver [19,20], magnetite
[10], gold coated magnetite [21] silver-coated magnetite nano-
particles [22] and also various quantum dots (QDs) have been used.
Various QDs such as CdSe [23], CdTe [24], CdS [25], Cd-doped ZnSe
functionalized QDs [26] have been used to determine some organic
analytes. But, there are few reports on the determination of
inorganic analytes using QDs as a probe in RLS [27,28]. The reason
for this could be explained by investigation of RLS signal
enhancement mechanisms. Interaction between the analyte and
the nanoparticles leads to the aggregation of the nanoparticles to
form bigger volumes of complexes, and according to Mie’s
formalism [29], RLS intensities often increase with the size of
the particle. After adding the analyte, the formation of larger
complexes results in the increase of the RLS intensities of the
system. But this is not the only possible mechanism. One other
possible mechanism is an enhancement of hydrophobicity. When
the analyte reacted with the nanoparticles, the charges were
counteracted which made the hydrophobicity enhanced, and leads
to the formation of bigger complexes. As can be concluded, in the
case of organic analytes, especially macromolecules, and proteins,* Corresponding authors.
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RLS signal enhancement is more possible than inorganic analytes,
especially metal ions.

This paper reports on the application of cysteamine function-
alized CdS hollow nanospheres in the determination of Cd(II) and
Pb(II) heavy metal ions because of the importance of heavy metal
ions determination. Functionalized CdS hollow nanospheres were
synthesized using a simple method in aqueous solution, and RLS
studies showed that the synthesized nanospheres have a different
interaction with the investigated metal ions at different solution
pHs. After various important parameters optimization, it was
concluded that using the investigated method, sensitive and
quantitative determination of the investigated metal ions in the
presence of each other is possible. It is notable that there are some
previously reported methods for the determination of Cd(II) and Pb
(II) based on preconcentration of the analytes using solid-phase
extraction sample preparation techniques with improved sensi-
tivity compared to this work [30–34] but the major advantage of
the proposed method over the previously reported ones is lack of
need to a sample preparation step which usually increases total
cost of the analysis and decreases easiness and speed of the
experiments.

2. Experimental

2.1. Chemicals

Cysteamine hydrochloride and polyethylene glycol (Mw

� 8000) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cd(NO3)2�4H2O, Pb(NO3)2�4H2O and Na2S�9H2O with analyt-
ical reagent grade were purchased from Merck Company
(Darmstadt, Germany). All of the other reagents and solvents
with the highest available purity were obtained from Merck
Company. Double distilled water (DDW) was used throughout the
work. All glassware was soaked in dilute nitric acid for 12 h, and
then thoroughly rinsed with DDW. Stock solutions of Pb(II) and Cd
(II) ions were prepared from their nitrate salts each as 1000 mg L�1

in DDW. Working solutions, as per the experimental requirements,
were freshly prepared from the stock solution for each experi-
mental run. Britton-Robinson universal pH buffer was used for pH
adjustment of the working solutions. It was consists of a mixture of
0.04 mol L�1 H3BO3, 0.04 mol L�1 H3PO4 and 0.04 mol L�1 CH3COOH
that was titrated to the desired pH with NaOH and/or HCl solutions.

2.2. Apparatus

RLS measurements were performed using a Perkin Elmer
(LS50B) luminescence spectrometer with a 1.0 cm quartz cell, slit
width = 10 nm, wavelength scan rate = 500 nm min�1. The magni-
tude of RLS intensity was obtained by the synchronous scanning at
lex = lem (Dl = 0 nm). The relative RLS intensity (DIRLS) was
obtained by the difference between the assay systems (IRLS) and
the reagent blank (I0) at 445 nm, namely, DIRLS = IRLS� I0.

Size and morphological properties of the synthesized nano-
spheres were investigated using a transmission electron micro-
scope (TEM, Philips, CM10, 100 kV), and also a scanning electron
microscope (MIRA FEG-SEM, TESCAN). The crystal structure of
synthesized nanospheres was determined by an X-ray diffractom-
eter (XRD, 38066 Riva, d/G. Via M. Misone, 11/D (TN) Italy) at
ambient temperature. The mid-infrared spectra of the synthesized
nanospheres in the region 4000–400 cm�1 were recorded by an FT-
IR spectrometer (Perkin-Elmer model Spectrum GX) using KBr
pellets. Zeta potential of the synthesized nanospheres at different
pHs was measured using dynamic light scattering (DLS) method
(Zetasizer, Malvern, UK). A Metrohm model 713 pH meter was used
for the pH adjustments. A 40 kHz universal ultrasonic cleaner
water bath (RoHS, Korea) was used.

2.3. Synthesis of CdS hollow nanospheres (CdSHNSs) and their further
functionalization with cysteamine hydrochloride (Cys-CdSHNSs)

CdSHNSs were synthesized according to a previously published
paper [35]. Typically, a solution of polyethylene glycol (PEG) was
prepared by dissolving 5.0 g PEG in 25 mL DDW. Then 0.154 g Cd
(NO3)2�4H2O and 0.120 g Na2S�9H2O were dissolved in 10 mL and
12 mL solutions of PEG to make solutions A and B, respectively.
Then 2 mL solution B was injected slowly into 2 mL solution A
under sonication at 40 �C. After the injection was completed, the
solution was further sonicated for 10 min. Finally, the produced
yellow precipitate was centrifuged from the mixture. The deposit
(CdSHNSs) was collected, washed with DDW several times and
dried under vacuum. In the next step, the as prepared hollow
nanospheres were functionalized using cysteamine hydrochloride.
In this regard, 100 mg cysteamine hydrochloride was dissolved in
25 mL DDW, and then 10 mg CdSHNSs was added to the solution.
The mixture was sonicated and stirred for 12 h. Then the modified
nanospheres (Cys-CdSHNSs) were separated from the mixture
using centrifugation, washed with DDW and ethanol sequentially
and dried under vacuum.

2.4. Overall route for the determination of Pb(II) and Cd(II) in the
presence of each other using RLS technique

For determination of the investigated metal ions in the presence
of each other, two series of experiments under two different
optimum conditions were conducted (ultrasonication time: 20 min
for both the metal ions, pH: 5.0 and 8.0 for Pb(II) and Cd(II)
respectively, Cys-CdSHNSs dosage: 12.50 and 11.0 mg L�1 for Pb(II)
and Cd(II) respectively). The magnitude of RLS intensity of the Cys-
CdSHNSs in the presence and absence of the metal ions was
obtained by the synchronous scanning at lex = lem (Dl = 0 nm).
The relative RLS intensity (DIRLS) was obtained by the difference
between the assay system (IRLS) and the reagent blank (I0) at
445 nm, namely, DIRLS = IRLS� I0. Then, the concentration of each
metal ions was calculated using their corresponding calibration
curves.

2.5. Real samples pretreatment

In order to demonstrate the applicability and reliability of the
method for real world samples analysis, tap water, and river water
samples were analyzed by the proposed method. Tap water
samples were taken from Analytical Chemistry research laboratory
(Bu-Ali Sina University, Hamedan, Iran), and were analyzed
without any pretreatment. River water samples were taken from
Varkane River (Varkane, Iran), and were filtered through a filter
paper with smooth micrometer pore diameter of 45 mm. Both
samples were acidified using HNO3 (pH: 2) and were kept in the
fridge before analysis.

3. Results and discussion

The synthesized nanospheres were characterized using SEM,
TEM, XRD, FT-IR and DLS measurements. Then, the interactions of
the synthesized nanospheres with the heavy metal ions were
investigated using RLS technique under different conditions (i.e.
pH, nanospheres dosage and agitation time). At the end, two
calibration curves were obtained, and the proposed method
applicability to real samples analysis was evaluated.

3.1. Characterization of the synthesized hollow nanospheres

SEM and TEM images of the Cys-CdSHNSs are presented as
Fig. 1. SEM image of the synthesized CdSHNSs (Fig. 1a) shows that
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