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ghly specific, colorimetric
recognition of sulfide ions [S2�] in aqueous media:
applications to environmental analysis

Uttam R. Kondekar,a Laxman S. Walekar,a Anil H. Gore,a Prashant V. Anbhule,a

Sung H. Han,b Shivajirao R. Patila and Govind B. Kolekar*a

Herein, we have demonstrated a simple, ultrasensitive and highly specific colorimetric assay for the

detection of sulfide ions (S2�) based on the aggregation of nanoparticles via electrostatic interaction of a

surface capped gold nanoparticles with S2� in aqueous media. Cetylpyridinium bromide capped gold

nanoparticles (CPB-AuNPs) were synthesized by a borohydride chemical reduction method and further

characterized using UV-visible and fluorescence spectroscopy, transmission electron microscopy (TEM),

dynamic light scattering (DLS) and zeta potential measurements. The change in color from red to purple

immediately after the addition of S2� in the solution of CPB-AuNPs was first monitored by the naked eye

and then by UV-vis spectroscopy to construct calibration plot for practical applications. Under the

optimized circumstances, a plot of [(A0 � A)/A] versus the concentrations of S2� was linear over the

range of 0.01–1.0 mg mL�1 with a correlation coefficient of 0.9952. The developed method also shows

excellent selectivity towards S2� by a factor of 20-fold or more relative to sixteen interfering ions that

were tested. The probe offers a low limit of detection (LOD) up to 0.0013 mg mL�1 (40.6 nM), which is

much lower (about 400-fold) than the maximum level (0.5 mg mL�1 or 15 625 nM) of S2� in drinking

water permitted by the World Health Organization (WHO). Moreover, our results demonstrate the

practical applicability of the probe for S2� sensing in environmental water samples without pretreatment

or use of a masking agent. Therefore, the proposed scheme could be a good alternative means for

onsite and real time screening of S2�.
Introduction

Sulde ions (S2�) are widely distributed in natural and waste
water system. Mostly, they exist in industrial locations such
as tanneries, food processing plants, petroleum reneries,
and paper and pulp manufacturing plants where they are
either used as a reactant or produced as a by-product of
manufacturing or industrial processes.1–3 Microbial reduction
of sulfate by anaerobic bacteria and sulfur-containing amino
acids in meat proteins are also responsible for S2� formation.4

The existence of S2� causes harmful effects on aquatic ecosys-
tems and human health.5 Sulde is an endogenous critical
mediator in living systems, and its presence in mammalian
tissue is related to diseases, such as Alzheimer's disease,6

Down's syndrome7 and hyperglycemia.8 Various physiological
and biochemical problems are caused by continuous exposure
to S2� at a high concentration, and S2� can also irritate the
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mucous membranes, cause unconsciousness and respiratory
paralysis.9–11 The toxic nature and capacity of S2� to remove
dissolved oxygen has prompted most countries to place limits
on the total level of S2� permitted in waste discharge.12,13 Sulde
ions show a highly reactive nature and act as an versatile
intermediate for other sulfur based species detection.14–17 In
practice, many chemo sensors for cations have been developed
as compared to anions because of poor knowledge of the
interaction between compounds and anions.11 Thus, it is
necessary to develop a rapid, highly specic and ultrasensitive
probe for S2� detection.

So far various methods like volumetry, gravimetry, electro-
chemistry, chromatography and making use of analyte-metal
interactions that produce changes in signal have been used for
the detection of sulde ions.18,19 Although these methods are
selective and error proof, they require sophisticated instru-
mentation, sample pretreatment and well skilled analysts and
are time consuming and laborious.20 Hence, to overcome these
difficulties, we developed a AuNP-based simple naked eye
colorimetric probe for S2� detection.

Gold and silver nanoparticles (NPs), nanodots (NDs), nano-
rods (NRs) and nanoclusters (NCs) have enormous importance
in sensing hazardous anions, cations and drugs due to their
Anal. Methods, 2015, 7, 2547–2553 | 2547
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stability and size-dependent optical properties.21,22 An AuNP-
based colorimetric approach has emerged as a new strategy for
sensing and imaging biomolecular interactions due to the
visual signal feedback and facile quantication.23–28 The highly
reactive nature of sulde ions and their appearance as a inter-
mediate of various sulfur based species have attracted much
attention from researchers in recent years.12,14,15 Sulde ions
when protonated become more toxic, and also, corrosion of
metal surfaces and the degradation of concrete are related to
S2� build up.29,30 Recently, some research groups have reported
highly specic colorimetric recognition and sensing of sulde,22

disassembly mediated uorescence recovery for selective sulde
sensing,31 DNA-templated gold/silver nanoclusters as a uo-
rescent probe,32 and MPA functionalized CdS QDs as a uo-
rescent probe for S2� detection.3 Our aim is to push down the
limit of detection for sulde ion sensing and carry out such
sensing successfully.

In this contribution, we report a novel and straightforward
optical and colorimetric sensor for the direct detection of
S2� based on the decrease in absorbance and FL quen-
ching of cetylpyridinium bromide capped gold nanoparticles
(CPB-AuNPs) at ultra trace levels in aqueous medium. CPB-
AuNPs were synthesized by a chemical reduction method at
room temperature. Furthermore, the probe was successfully
and condently applied for direct determination of S2� from
river and lake water without any pretreatment or use of a
masking agent by a standard addition method. Thus, the
developed probe offers various advantages such as simplicity,
reproducibility, stability and selectivity, serving as an effective
alternative for optical sensors developed to date. Recently,
various probes were developed by researchers for S2� detection;
however, our CPB-AuNP probe pushes down the limit of
detection and has emerged as a highly selective colorimetric
assay.
Experimental
Chemicals

All chemicals were of analytical reagent grade and used as
received without further purication. All aqueous solutions
were prepared with doubly distilled water. Hydrogen tetra-
chloroaurate (HAuCl4), cetylpyridinium bromide (CPB), and
sodium borohydride (NaBH4) were purchased from S d ne-
chem. Ltd (Mumbai, India). The stock solution of S2� was
prepared by dissolving sodium sulde (Na2S) in water. All the
metal salts used for the interference study were purchased from
S d ne-chem Ltd (Mumbai, India).
Synthesis of AuNPs

The water-soluble CPB capped AuNPs were synthesized by a
chemical reduction method. Appropriate amounts of HAuCl4,
CPB and NaBH4 were rst separately dissolved in doubly
distilled water. HAuCl4 was used as a metal precursor, CPB as a
capping agent and NaBH4 plays a role of reducing agent. In the
synthetic procedure, rst, 5 mL of 0.1 mol L�1 HAuCl4 solution
was added drop-wise into 10 mL of 0.1 mol L�1 CPB solution
2548 | Anal. Methods, 2015, 7, 2547–2553
with continuous stirring at room temperature. Then 1 mL of
0.1 mol L�1 NaBH4 was dropped into the ask containing the
mixture of HAuCl4 and CPB, which turned the solution to
wine red, indicating the complete reduction and formation of
CPB-AuNPs. Aer stirring, the resultant reaction mixture solu-
tion was diluted up to 100 mL with doubly distilled water and
stored in a freezer at 4 �C for further use. The concentration of
resultant CPB-AuNPs was 0.005 mol L�1 (calculated based on
the concentration of HAuCl4 added).

Characterizations

A stable dispersion was used to carry out all spectroscopic
analysis. The absorbance spectrum was recorded at room
temperature on a UV 3600 Shimadzu UV-Vis spectrophotometer
with the use of a 1.0 cm quartz cell. The FL spectrum was
recorded with a Jasco FP-8300 spectrouorometer. The particle
size distribution was measured by dynamic light scattering
(Malvern Instruments Ltd., UK). Transmission electron
microscopy (TEM) images were recorded on a Tecnai™ trans-
mission electron microscope (TEM, FEI Tecnai 300). The
photographs of sample were taken using a Canon digital
camera.

Determination of S2� with CPB-AuNPs

Initially, 1000 mg mL�1 S2� standard solution was obtained by
dissolving 0.0411 g Na2S with doubly distilled water in a 100 mL
volumetric ask. The CPB-AuNP probe was utilized for the
detection of sulde ions. In a typical experiment in a 10 mL
standard volumetric ask 1mL of the CPB-AuNPs (0.005mol L�1)
was taken followed by the known concentration of freshly
prepared standard sulde solution was added thoroughly and
diluted for 10 mL with double distilled water. The UV-visible
spectra of as prepared standard solutions were recorded by
taking 2 mL of the diluted solution in a quartz cell. The uo-
rescence characteristic was checked by using 520 nm as an
excitation wavelength in a 2 mL uorescence quartz cell with a
slit width of 10 nm for excitation and emission at medium
intensity. The above said methodology was used for application
of sulde ion detection in river and lake water. The standard
addition method was used for overall application purposes.

Results and discussion
Characterization of CPB AuNPs

The synthesized CPB-AuNPs were characterized by using UV-vis
absorption spectra (Fig. 1) and uorescence spectra (Fig. 2). The
absorption maximum at 520 nm is due to the presence of gold
nanoparticles. The particle size of the nanomaterial was
measured by using dynamic light scattering (Fig. 3), and the
average particle size was found to be 12.2 nm. Zeta potential (z)
measurement was also performed to conrm the charge as well
as stability of the nanoparticles. The higher zeta potential value
(Fig. 4) suggests that nanoparticles were stable in dispersion
due to the strong electrostatic repulsion of the nanoparticles.
TEM images (Fig. 5) reveal the presence of AuNPs. The AuNPs
have a spherical shape with a particle size in the range of 3 to
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Absorption spectrum of the CPB-AuNPs in aqueous colloidal
solution in the absence and presence of 1.00 mg mL�1 sulfide ions
(S2�).

Fig. 2 Fluorescence quenching spectra of the CPB-AuNPs in aqueous
colloidal solution in absence (a) and presence of 0.04 mg mL�1 (b) and
1.00 mg mL�1 (c) sulfide ions (S2�).

Fig. 3 Particle size distribution as measured by DLS of the CPB-AuNP
colloidal solution. Average size is 12.2 nm.

Fig. 4 Representation of the average particle size of CPB-AuNPs and
zeta potential, which varies in response to the addition of S2� ions to
AuNPs: (a) in the absence of S2� ions, (b) 0.01 mg mL�1 S2� ions, and (c)
1.00 mg mL�1 S2� ions.

Fig. 5 TEM images of CPB-AuNPs (a) before and (b) after addition
of S2�.

Fig. 6 Absorption spectra of the CPB-AuNP (5 � 10�4 mol L�1)
solution with various concentrations of S2� ions. The concentrations
of S2� ion from top to bottom are 0.00, 0.01, 0.04, 0.06, 0.1, 0.15, 0.2,
0.25 and 1.0 mg mL�1.
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8 nm. The average particle size measured by DLS is different
than the expected value from TEM analysis. DLS measurement
records higher values since the light is scattered by the core
particle and the layers formed on the surface of the particles. On
the other hand, TEM shows the size of the metallic core only. He
et al. have also made similar observations earlier.33

Calibration curve and detection limit of the method

Under the nest optimized condition, the absorption spectra of
AuNPs with different concentrations of S2� ions were recorded
This journal is © The Royal Society of Chemistry 2015
at room temperature. The obtained results are shown in Fig. 6
and demonstrate good repeatability. The plots of (A0 � A)/A vs.
concentration of sulde ions shows a good linear relationship
in the range of 0.01–1 mg mL�1, having a correlation coefficient
of 0.9952, (Fig. 7), which might be used to develop a
Anal. Methods, 2015, 7, 2547–2553 | 2549
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Fig. 7 Graph shows the linearity of the (A0 � A)/A values for CPB-
AuNP solution with increasing concentrations of S2� ions, 0.00, 0.01,
0.02, 0.04, 0.06, 0.10, 0.15, 0.20, 0.25, and 1.00 mg mL�1.
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determination method for S2� with the empirical equation
(A0 � A)/A ¼ 0.476x + 0.017. The limit of detection (LOD) was
calculated by using the equation 3s/k, where s is the standard
deviation of the y intercepts of regression line and k is the slope
of the calibration curve. Our developed probe pushes down the
limit of detection to 0.0013 mg mL�1, which is lower than that of
a previous reported method.
Colorimetric detection of S2� ions

CPB acts as competitive ligand, which has potential to modify
the AuNP surface and also coordinate with S2� to develop a
Fig. 8 Images of the CPB-AuNP (5 � 10�4 mol L�1) solution with various
right are 0.0, 0.01, 0.04, 0.06, 0.1, 0.15, 0.20, 0.25 and 1.0 mg mL�1.

Fig. 9 Images of the CPB-AuNP (5 � 10�4 mol L�1) and interfering anion
sulfide ions is 1.0 mg mL�1.

2550 | Anal. Methods, 2015, 7, 2547–2553
colorimetric sensor for the quantitative detection as well as
highly selective recognition of S2� over the other anions tested
(CO3

2�, NO3
�, S2O3

2�, HCO3
�, BrO3

�, Cl�, EDTA2�, IO3
�,

SO4
2�, F�, S2O8

2�, CH3COO
�, Br�, SCN�, PO4

2�, and I�). AuNPs
have striking features for color signal generation due to
much higher absorption coefficients compared to organic
dyes, allowing sensitive colorimetric detections with negligible
material consumption. They display distance-dependent optical
properties.34 The changes in color of AuNPs are aligned with the
dispersion-aggregation state, offering the potential to develop
number of assays.35–37 The transition of AuNPs from dispersion
to aggregation leads to the color change. Positively charged
CPB-AuNPs have great affinity for S2� ions, based on electro-
static interaction between them. The S2� ion acts as a link
between positively charged nanoparticles and brings them
together, resulting in aggregation of AuNPs. Due to the addition
of S2� ions, CPB-AuNPs become aggregated and are responsible
for the color change (Fig. 8 and 9). The change in color from red
to purple due to the aggregation of AuNPs is further supported
by the red shi in the absorbance spectrum of AuNPs (Fig. 6).
Effect of interfering ions in the determination of S2�

The selectivity of a probe is a very signicant factor for assessing
the performance of a sensor. The selectivity of the developed
probe was investigated by using different interfering ions,
which may cause interference in the specic colorimetric
determination of sulde ions. Our study involves plausible
concentrations of S2� ions. The concentrations of S2� ions from left to

solutions with concentration of 20 mg mL�1 and the concentration of

This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Absorption spectra of the CPB-AuNP (5 � 10�4 mol L�1)
solution with 1.00 mg mL�1 of S2� ions and 20 mg mL�1 of the other
interfering ions.

Fig. 11 Graph of the interfering anion solution with concentrations
20 mg mL�1 and the concentration of S2� ion is 1.00 mg mL�1.

Fig. 12 Particle size distribution measured by DLS of the CPB-AuNP
colloidal solution: (a) in the absence of S2� ions, (b) in the presence of
0.01 mgmL�1 S2� ions, and (c) in the presence of 1.00 mgmL�1 S2� ions.
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interfering ions such as CO3
2�, NO3

�, S2O3
2�, HCO3

�, BrO3
�,

Cl�, EDTA2�, IO3
�, SO4

2�, F�, S2O8
2�, CH3COO

�, Br�, SCN�,
PO4

2�, and I� at a concentration of 20 mg mL�1 and sulde ions
at a concentration of 1 mg mL�1. The effect of interfering ions
was very low, and our developed probe offers good selectivity
(Fig. 10 and 11). Color change was not observed due to inter-
fering ions, and hence, the developed probe emerged as a highly
specic colorimetric tool for S2� detection at ultra trace levels.
Fig. 13 Schematic representations of the synthesis of CPB-AuNPs and
sensing of S2� ions.
Mechanism of sulde ion sensing by CPB_AuNP probe

To explore the possible mechanism of detection of S2� ions,
we have performed different experiments using UV-Visible
spectroscopy, uorescence spectroscopy, transmission electron
microscopy, dynamic light scattering, and zeta potential
measurements. The decrease in absorbance (Fig. 6) of AuNPs by
the addition of S2� is due to the electrostatic interaction
between S2� and positively charged AuNPs, which consequently
leads to aggregation of the AuNPs. The S2� ion acts as a link
between nanoparticles. The aggregation of AuNPs due to the
addition of S2� is supported by TEM and DLS measurements.
From the TEM images, it is observed that aer the addition of
S2�, the particle size of AuNPs increases due to aggregation of
AuNPs (Fig. 5), which is responsible for the color change of
This journal is © The Royal Society of Chemistry 2015
AuNPs from red to purple (Fig. 8). The change in color from red
to purple by successive addition of S2� is monitored by the
naked eye, and the developed probe emerges as simple tool for
S2� detection. The DLS results also support the increase in
particle size aer addition of S2�, indicating the aggregation of
AuNPs (Fig. 12). Zeta potential measurements of AuNPs shows
the decrease in positive zeta potential from +72.4 to +41.2
(Fig. 4), indicating an electrostatic interaction between S2� and
positively charged AuNPs, which results in aggregation of
AuNPs. Moreover, this mechanism is also supported by
Anal. Methods, 2015, 7, 2547–2553 | 2551
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Table 1 Determination of S2� ions in water samples from different water sources by standard addition method (n ¼ 3)a

Water samples studied
Amount of standard
S2� ions added (mg mL�1)

Total S2� ions
found (n ¼ 3) (mg mL�1)

Recovery of S2� ions
added (%)

RSD
(%)

Relative error
(%)

Panchganga River (Kolhapur, M.S., India) 0.08 0.0809 101.10 0.911 1.100
0.10 0.1007 100.72 0.607 0.729
0.12 0.1198 99.79 0.703 �0.021

Lake Water (Rajaram Lake, SUK) 0.08 0.0787 98.42 0.566 �1.579
0.10 0.0972 97.17 0.786 �2.824
0.12 0.1180 98.02 0.560 �0.197

a SUK ¼ Shivaji University, Kolhapur.

Table 2 Comparison Data

Detection method Linear range Detection limit References

ZnS:Mn quantum dots based
uorescent probe

2.5–38 mM 0.15 mM 41

ZnO/SiO2 nanocomposite based
room-temperature phosphorescent
sensor

4.88–10 200 mM 1.64 mM 42

DNA-templated gold/silver
nanoclusters as a uorescent probe

0.5–2 mM 11 mM 32

DNA templated copper
nanoparticles as a uorescent
probes

2–20 mM 80 mM 40

Highly specic colorimetric
recognition and sensing of sulde
with glutathione-modied gold
nanoparticle probe based on an
anion-for-molecule ligand exchange
reaction

5–15 mM 3 mM 37

MPA functionalized CdS QDs as a
uorescent probe

3.1–56.3 mM 6.5 mM 3

Disassembly mediated uorescence
recovery of gold nanodots for
selective sulde sensing

0.0005–0.157 mM 0.5 mM 43

Proposed method 0.31–31.25 mM 0.0406 mM —
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uorescence quenching of AuNPs by addition of 0.04 and 1.00
mg mL�1 S2�, respectively (Fig. 2). Quenching of uorescence is
due to the change in the electrostatic environment of AuNPs.
Colloidal gold nanoparticles have come into sight as stable and
non-bleaching uorescent labels.38,39 The nature and presence
of surface adsorbate plays a vital role in the uorescence of
nanoparticles.40 To conrm whether the observed uorescence
is either due to the AuNPs or scattering, the same amount of
doubly distilled water was excited at 520 nm, and there was no
appearance of a uorescence peak pattern as for CPB-AuNPs.
Also, excitation of the AuNPs was altered, and it was observed
that there was no change in the emission wavelength, which
conrms that the observed uorescence is due to the CPB-
AuNPs (Fig. 13).
Practical applicability of developed probe

Additionally, to evaluate the practical relevance, successful
applications were carried out by using Panchganga River and
2552 | Anal. Methods, 2015, 7, 2547–2553
Rajaram Lake water for S2� detection. Real sample analysis was
carried out by the method same as used for linearity experi-
ments. The results are summarized in Table 1, and it was found
that satisfactory recoveries of S2� were obtained, i.e. 99.79–
100.53% and 98.02–98.42% for Panchganga River and Rajaram
Lake water, respectively. This demonstrated that the developed
sensing method is potentially applicable for the direct deter-
mination of S2� ions in drinking and environmental water
samples (Table 2).

Conclusions

In conclusion, we have synthesized functionalized CPB-AuNPs,
which have the ability to recognize S2� over other coexisting
substances in aqueous media effectively. The objective of our
work was to investigate an AuNP-based strategy for the ultra-
sensitive and highly selective determination of S2� in aqueous
media and to develop a rapid, simple and efficient assay with a
low limit of detection. The developed probe offers good results
This journal is © The Royal Society of Chemistry 2015
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in comparison with previous reports. The observed color change
is due to the aggregation of AuNPs in aqueous media due to the
addition of S2� (shown in schematic representation). Under
optimum conditions, the method achieved a good linear rela-
tionship in the range of 0.01 to 1.00 mg mL�1 with a LOD of 40.6
nM. This technique could be applied to the determination of
the concentration of S2� in river and lake water and was shown
to be capable of evaluating the presence of S2� in real samples.
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