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Abstract
Mercuric ion (Hg2+), a poisonous metal ion that remained in water ecosystems, can severely damage the
human central and peripheral nervous system and kidneys. Consequently, rapid and highly sensitive
methods to determine trace Hg2+ are meaningful to discuss. We have proposed a novel approach of
surface-enhanced Raman scattering (SERS) for the quantitative analysis of Hg2+ in water samples using
dithizone (DTZ) as a Raman reporter. DTZ-modi�ed silver nanoparticles (AgNPs) produced a strong SERS
signal. In the presence of Hg2+, the DTZ can capture Hg2+ composing a stable structure, resulting in DTZ
leaving the surface of the AgNPs, with an accompanying decrease in the signal. The proposed SERS
assay showed a linear range of 10−4–10−8 M, with a limit of detection of 9.83 × 10−9 M. The sensor has
low detection cost, rapid detection speed, and uncomplicated sample pretreatment. Furthermore, this
method can be successfully utilized to detect Hg2+rapidly in water samples, which sheds new light on the
detection of Hg2+ in the environment.

1. Introduction
Heavy metals have a considerable impact on soil, plants, aquatic animals and humans [1, 2]. Hg2+ is one
of the heavy metal ions, which is highly toxic in organisms and ecosystems even at a low concentration
of 5 µg/L [3]. Mining activities, municipal waste, oil and coal combustion, cement production, consumer
product emissions, waste–water emissions and so on are the major sources of mercury ion emissions
into the environment, which has caused pollution due to improper treatment methods [4, 5]. Hg2+

poisoning can cause neurological, renal, immune, cardiac, sports, reproductive and genetic diseases in
humans [6–8]. Therefore, it is of great signi�cance to study the widespread distribution of Hg2+ in the
aquatic environment and bioaccumulation in the food chain [9–11].

At present, many analysis techniques have been utilized in the detection of Hg2+ such as atomic
absorption spectrometry, inductively coupled plasma-mass spectrometry (ICP–MS), high-performance
liquid chromatography, electrochemistry, colorimetry and �uorescence spectroscopy [12–19]. However,
these methods have limitations [20, 21], such as complex sample preparation, expensive equipment and
time-consuming procedures. Therefore, a simple, highly selective and sensitive method for measuring
Hg2+ must be developed to overcome these shortcomings. A nondestructive optical inspection is an
attractive option, it can respond quickly in natural environments and organisms.

Surface–enhanced Raman scattering (SERS) is a non-destructive and rapid analysis technique that has a
wide range of applications [21–24], especially the analysis of trace poisonous substances, such as heavy
metal ions, dyes and pesticides [25–28]. In recent years, using SERS to detect Hg2+ has received
widespread attention. Various methods have been proposed by sveral groups for detecting Hg2+, based
on different SERS probes. Qi et al. studied a T–Hg2+–T mismatch base pair pattern for Hg2+ detection
[29]. Hao et al. reported that acridine yellow was used to detect Hg2+ quantitatively because of the
interaction between acridine yellow and silver nanoparticles (AgNPs) [4]. Luo et al. introduced safranine T
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as a SERS probe, allowing trace analysis of Hg2+ with high selectivity [17]. Although these methods
achieve the advantages of rapid and sensitive detection of Hg2+, they are susceptible to biological and
environmental in�uences.

Herein, we employed a SERS assay for the rapid, selective, and sensitive analysis of Hg2+ in water
samples. In this work, indirect SERS detection of Hg2+ is carried out based on dithizone (DTZ) as a
Raman probe. The quantitative decrease of the SERS signal of the probe molecule of DTZ was observed
when DTZ–functionalized AgNPs were mixed with a certain amount of Hg2+, which suggests that the
phenomenon of decreased SERS signal intensity should be mainly attributed to the interaction between
Hg2+ and DTZ [30, 31]. This quantitative detection strategy of the proposed method is shown in Figure 1.

2. Materials And Methods

2.1 Chemicals and reagents
All reagents and solvents were of analytical grade, and no further puri�cation is required when used. DTZ,
absolute ethanol, sodium citrate, AgNO3, HgCl2, KNO3, Al(NO3)3, Fe(NO3)3, Bi(NO3)3, Cu(NO3)2, NaNO2,
Ni(NO3)2 and Pb(NO3)2 were all purchased from China Energy Chemical Co., Ltd. The solutions used in
this experiment were prepared using deionized water.

2.2 Instrumentation
A JEM–2100 ultra–high–resolution transmission electron microscope (JEOL, Japan) was used to
characterize AgNPs, and to determine the geometry and size of the AgNPs. A PerkinElmer Lambda 35
spectrophotometer (326 nm; Norwalk, CT, USA) was used to record the ultraviolet–visible (UV–vis)
absorption spectra. The SERS measurements was performed using a Renishaw InVia Re�ex confocal
microscope (Renishaw, UK). All measurements were performed using a He–Ne laser (532 nm, exposure
time of 10 s). The laser spot diameter was 1 µm, and the laser power was 50 mW.

2.3 Synthesis and characterization of AgNPs
AgNPs were prepared according to previous work [32]. In short, 36 mg AgNO3 was added to 200 mL of
water and boiled under constant stirring. Then, trisodium citrate (4 mL, 1%) solution was added to the
above solution quickly and boiling continued for another 30 min. Let the �ask chill to room temperature, a
green-gray colloid was acquired. Finally, the colloidal AgNPs were stored at 4°C for later use.

2.4 Preparation of Hg2+ standard solution and samples
HgCl2 was dissolved in deionized water to make a 1 mM solution. A set of Hg2+ solutions with different
concentrations were obtained by diluting 1 mM HgCl2 solution. Drain water from a tap was collected in
Shenyang City, Liaoning Province, China. The samples passed a 0.22 µm �lter membrane to remove
impenetrable matter for the later experiments.
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2.5 Detection for Hg2+

DTZ solution (20 µL), AgNPs (60 µL), and Hg2+ (20 µL) or spiked water solution of different
concentrations were transferred to a centrifuge tube in turn, and SERS detection performed after fully
sonicating and mixing at room temperature. The intensity of SERS change of DTZ at 1590 cm–1 was
elected as a basis for quanti�cation. Each experiment was performed three times in parallel.

3 Results And Discussion

3.1 SERS measurement of DTZ and DTZ-Hg2+

Figure 2a shows the UV-vis absorption spectrum of AgNPs at 420 nm, and the TEM image showed that
the size of uniform spherical AgNPs is about 30nm, which demonstrated the successful synthesis of
AgNPs. The UV-vis peaks of AgNPs and DTZ shifted, indicating that DTZ was successfully adsorbed on
the AgNPs surface. The SERS signal of DTZ, DTZ with Hg2+ and ethanol are in Figure 2b, in which the
main SERS signals of DTZ were located at 510, 855, 994, 1156, 1219, 1310, 1377 and 1590 cm–1 [33].
Comparing these signal peaks, it is found that the SERS peak at 1590 cm–1 which is attributed to the C=N
vibration of DTZ, has obvious changes, so it is the most suitable for use as a basis for quantitative
analysis. Comparing the blue and the red lines, after adding Hg2+, the SERS intensity of the DTZ
molecules reduced signi�cantly. This is substantially due to the change in number of DTZ molecules
adsorbed on the SERS active sites. The SERS signal of DTZ was dramatically enhanced because the DTZ
molecules drew closer to the SERS active sites through the Ag–N bond. However, after the addition of
Hg2+, the binding force between Hg2+ and DTZ is stronger than that with AgNPs, which leads to the
desorption of DTZ molecules from SERS active sites. As a result, fewer DTZ molecules were left on the
AgNPs surface and the SERS signal intensity was reduced.

3.2 Optimization of the analytical conditions
To increase the sensitivity of this method, we optimized the experimental parameters. The volume of
AgNPs will affect the analytical performance. The number of AgNPs is very important for enhancing the
SERS signal. Figure 3a shows the intensity of the SERS signal of DTZ at 1590 cm–1, with the volumes of
AgNPs solution from 30 to 70 µL. Upon the increase in the volume of AgNPs, the corresponding Raman
signal increased. However, when the volume exceeded 60 µL, the SERS signal achieved a steady value,
which proved that DTZ is completely adsorbed on the AgNPs. Therefore, 60 µL AgNPs were chosen for
the detection of Hg2+. In this method, DTZ will connect AgNPs and Hg2+, so we explored the in�uence of
DTZ concentration. As shown in Figure 3b, the SERS signal reached a maximum value when the
concentration of DTZ is 10–4 M. Thus, we �xed 10–4 M as the optimum condition. Mixing time plays a
critical part in this detection process, so we optimized the mix time. Figure 3c shows that after mixing for
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8 min the signal tends to be stable, demonstrating that DTZ was entirely integrated with Hg2+. So, we
chose 8 min as the optimized mix time.

3.3 Selectivity for the DTZ-Hg2+ system
In order to study the selectivity of this method, various other environment–related metal ions were
appraised (such as Fe3+, Cu2+, Al3+, Na+, K+, Ni2+, Bi3+ and Pb2+). Figure 4a shows the comparison to
SERS spectra of the Hg2+ and other ions, on the basis of the low binding a�nity of DTZ to other ions, the
SERS signal of DTZ did not reduce signi�cantly in the presence of the other ions, which indicated the DTZ
sensors for Hg2+ detection had an excellent selection. In the presence of the above substances, the
corresponding SERS signal intensities of the 1590 cm–1 peak of DTZ are presented in the form of a
histogram (Figure 4b). Hg2+ and mixed groups reveal distinctly low column heights.

3.4 Quantitative SERS detection of Hg2+

To assess the sensitivity and potential quantitative analysis application of the proposed method, we
measured different concentrations of Hg2+ standard samples. Under the optimum conditions, the present
method showed a linear relationship for Hg2+ concentrations and the SERS peak in the range of 10–4 M
to 10–8 M with a limit of detection of 9.83 × 10–9 M, which conforms to the equation Y= 1096.3961X +
15738.17866 (R2= 0.999). The relevance between the SERS signal intensity and Hg2+ concentration is
shown in Figure 5. In the comparison, the experimental results of some other methods for measuring
Hg2+ are listed in Table 1, which showed that our method is simpler and faster. More importantly, the
detection result is inferior to the limit of 10 ppb (4.98 × 10–8 M) in drinking water recommended by the
World Health Organization.
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Table 1
A comparison between the previously reported method and the

current method for detecting Hg2+.
Method Linear range

(µmol / L)

LOD

(µmol / L)

Reference

SERS 0.1-0.01 0.009 This work

SERS – 0.5 [34]

Electrochemistry 0.1–2.0 0.1 [35]

Colorimetry – 0.498 [36]

Colorimetry – 0.05 [37]

Fluorescence 0.05–0.8 0.015 [38]

Fluorescence – 0.011 [39]

ELISA 0.05-50.0 0.048 [40]

3.5 Reproducibility of the Hg2+ detection
To assess the reproducibility of the system, 20 different points were randomly gathered for testing under
the optimum experimental conditions. The results are shown in Figure 6. It is worth noting that the SERS
intensity at 1590 cm–1 is relatively uniform. From Figure 6b, we �nd that the relative standard deviation
of the 20 sets of data is less than 5%, which proves that the SERS sensor proposed here article has
satisfactory reproducibility.

3.6 Analysis of Hg2+ in tap-water samples
To demonstrate the practicality of the developed SERS method, we detected the Hg2+ contents in tap
water under the optimum conditions by the standard addition method. Different concentrations of Hg2+

were tested 3 times and the results are shown in Figure 7. We further evaluated a comparison of the
developed SERS method and the conventional ICP–MS method and the related statistics are shown in
Table 2, which indicates that the Hg2+ concentrations detected by the SERS sensor are very consistent
with those measured by the classic ICP–MS method. The recovery for Hg2+ was 89–90%. The results
showed that this method is reliable and applicable for the detection of Hg2+ in tap water.
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Table 2
Determination of Hg2+ in tap-water samples via the SERS method and ICP–MS.

Samples Spiked
amount

(µM)

SERS
amount

SERS
Recovery%

RSD%
(n=3)

Spiked
amount
(µM)

ICP–MS
amount

ICP–MS
Recovery%

Tap–
water

– Not
detected

– – – Not
detected

–

10 9.77 90.31 1.65 10 9.63 89.96

1 1.12 88.90 1.31 1 0.46 89.44

0.1 0.10 89.53 0.43 0.1 0.09 89.12

4 Conclusion
In short, we developed a time–saving, high–sensitivity SERS sensor for detecting Hg2+. This sensor
works with excellent sensitivity via the special recognition of Hg2+ by DTZ, which is attributed to the
following: �rst, DTZ itself has a high SERS signal that can be used for Hg2+ quantitative detection.
Moreover, DTZ speci�cally captures Hg2+ forming a steady structure that can enhance the speci�city of
this method. More importantly, under the best conditions, SERS–based Hg2+ detection exhibited a limit of
detection of 9.83 × 10–9 M. This sensor can detect Hg2+ in a broad range of concentrations. With these
advantages, we anticipate this method will have �ne potential in the detection of Hg2+ in complex water
environments.
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Figures

Figure 1

Schematic illustration of Hg2+sensor.
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Figure 2

(a) UV-Vis spectrum of the AgNPs, AgNPs and DTZ. Inset shows the TEM images of the AgNPs. (b) SERS
spectra of AgNPs and ethanol, DTZ and DTZ in the presence of 10–4 M Hg2+.

Figure 3

(a) Optimization of the volume of AgNPs. (b) The concentration of DTZ. (c) The mixed time. The error
bars stand for the standard deviations based on at least three independent measurements.
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Figure 4

The sensor selectivity and anti-interference ability for detecting Hg2+.

Figure 5

(a) The SERS spectra of DTZ mixed with different concentration of Hg2+ (from a to f are 10–4, 10–5, 10–6,
10–7, 10–8 and 0 M). (b) The plot of corresponding intensity.

Figure 6
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(a) The SERS intensity at 1590 cm–1 was measured from 20 random positions. (b) A series of SERS
spectra of 10–5 M Hg2+ solution from 20 random positions.

Figure 7

Detect the SERS spectra of different concentrations of Hg2+ in tap water.


