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� and H2O2 as novel specific
masking agents for highly selective “turn-on”
fluorescent switching recognition of CN� and I�

based on Hg2+–graphene quantum dots

Prawit Nuengmatcha, Phitchan Sricharoen, Nunticha Limchoowong,
Ratana Mahachai and Saksit Chanthai *

In this study, we report that both CN� and I� can enhance the fluorescent intensity of Hg2+–graphene

quantum dots (Hg2+–GQDs). However, the selectivity of the sensor was poor. Accordingly, simple

specific masking agents can be directly used to solve this problem. Here, for the first time, we report the

use of persulfate ion (S2O8
2�) as a turn-on fluorescent probe of Hg2+–GQDs for selective CN�

detection, while hydrogen peroxide (H2O2) was selected for its sensing ability towards I� ion detection.

Interestingly, the signal was immediately measured after addition of the masking agent to Hg2+–GQDs

and the sample because its interaction was very fast and efficient. The method had a linear response in

the concentration ranges of 0.5–8 mM (R2 ¼ 0.9994) and 1–12 mM (R2 ¼ 0.9998) with detection limits of

0.17 and 0.20 mM for CN� and I�, respectively. The sensor was successfully used for the dual detection

of both CN� and I� in real water samples with satisfactory results. In conclusion, the specific masking

agents in a Hg2+–GQDs system appeared to be good candidates for fluorometric “turn-on” sensors for

CN� and I� with excellent selectivity over other ions.
Introduction

Graphene quantum dots (GQDs) are single atom-thick graphene
sheets with a size of less than 10 nm, similar to other graphene
nanosheets.1 They are the most commonly used optical sensing
nanomaterials because of their high extinction coefficients and
various alluring properties, such as high surface area, electrical
conductivity, thermal conductivity and photostability, excellent
chemical stability, environmental friendliness and good
biocompatibility.2,3 Moreover, their surface is versatile and can
be easily immobilized with both various organic functional
groups and metal nanomaterials, including glucose oxidase,4

hyaluronic acid,5 amino group,6,7 carboxylic group and nitrite,8

polyaniline,9 gold nanoparticles,10 platinum nanoparticles11 and
silver nanoparticles12 through strong covalent bonding or
physical adsorption. As a result, many GQDs-based uorescent
sensors have been developed to detect metal ions (e.g. chro-
mium(VI),1 mercury(II),13 copper(II),14 iron(III),15) biomolecules
(e.g. dopamine,16 microcystin-LR,17 DNA,18 doxorubicin19 and
biothiols20) and other analytes (e.g. phenol,21 trinitrophenol22

and uric acid23). However, the application of GQDs usually
partment of Chemistry and Center of
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involves tedious processes for the dual detection of target ana-
lytes. Thus, the dual detection of GQDs sensors is needed
urgently for the trace analysis of cations, anions, molecules and
biomacromolecules.

The selective sensing of anions, such as uoride (F�), chlo-
ride (Cl�), bromide (Br�), iodide (I�), acetate (AcO�) and
cyanide (CN�) ions, is highly important because they are widely
distributed and play important roles in biological, environ-
mental and chemical industries.24–26 In particular, iodide is an
important microelement to humans, as it plays a key role in
several biological activities, such as brain function, muscle
tissue growth, neurological activity and thyroid function.27 In
addition, iodide helps to maintain the release of the thyroid
hormone into the bloodstream. Either deciency or excess of
iodine intake would cause major health problems. For example,
iodine deciency in pregnancy will cause spontaneous abortion,
fetal goitre, cretinism, anxiety and nervous agitation, intellec-
tual impairment and neonatal hypothyroidism, while iodine
excess will lead to hyperthyroidism. These disorders can be
prevented by ensuring optimal iodide intake.28,29 With regard to
cyanide, it is the most threatening to the environment and
human life. Various products are very high in cyanide due to
their industrial uses, including the production of paper,
textiles, plastics and nitriles, metals, electroplating and the
extraction of gold and silver. In addition, cyanide is also
released from biological processes of bacteria, fungi.30 Due to
RSC Adv., 2018, 8, 1407–1417 | 1407
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Fig. 1 (a) UV-visible absorption spectrum, (b) PL excitation and (c)
emission spectra of the GQDs.
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cyanide being an extremely lethal poison to humans and
aquatic life, the World Health Organization (WHO) permits the
maximum acceptable concentration level (0.2 ppm) of cyanide
in drinking water30 as does the U.S. Environmental Protection
Agency (EPA), which regulates an ultra-trace level (5 ppb) of
cyanide in the environmental primary standards.31

To date, many strategies have been proposed for the detec-
tion of I� and CN� in aqueous samples, such as ion chroma-
tography,32 liquid chromatography-mass spectrometry,33 high
resolution nuclear magnetic resonance spectroscopy and liquid
chromatography,34 indirect atomic absorption spectrometry,35

Raman scattering,36 UV-vis spectrophotometry,37 gas chroma-
tography,38 electrospray ionization tandem mass spectrom-
etry,39 ow injection-ame atomic absorption spectrometry,40

inductively coupled plasma-optical emission spectrometry41

and adsorptive stripping voltammetry.42 However, these tech-
niques are rather time-consuming and require tedious sample
preparation and specic operating skills. Moreover, the
performance of some techniques is seriously affected by inter-
ferences of coexisting anions, while more complex and expen-
sive instruments are mandatory for others.

Recently, the uorescent sensor has been shown to be
a promising technique and has been widely applied for cyanide
and iodide detection. For example, a new uorescent cyanide
chemosensor based on a phenothiazine derivative,43 a turn-on
uorescent sensor for cyanide detection based on BODIPY-sal-
icylaldehyde,44 a red-emitting uorescent sensor for cyanide
based on a hybrid naphthopyran–benzothiazol,45 a turn-on
uorescent probe for cyanide based on the aggregation of ter-
thienyl,46 uorescence turn-on chemosensor for cyanide based
on pyridine cation,47 iodide determination using a novel LSPR
uorescent Ag nanocluster probe,48 ultrasensitive uorescent
detection of iodide using conjugated polyelectrolyte-stabilized
silver nanoparticles coupled with pyrene derivative49 and
a turn-on uorescent sensor for iodide detection based on newly
synthesized oligopyrrole derivative.50 Nevertheless, these
reports show suitable processes for the detection of only single
cyanide or iodide. Consequently, the dual detection of a uo-
rescent sensor is not only in high demand but also remains
a challenge for the trace analysis of both CN� and I� in real
samples.

This study was aimed towards developing Hg2+–graphene
quantum dots (Hg2+–GQDs) as a uorescent turn-on sensor for
the selective detection of both I� and CN� ions. Normally, GQDs
give strong blue photoluminescence in an aqueous solution. It
was also observed that Hg2+ could drastically quench the uo-
rescent intensity of GQDs. When both I� and CN�were added to
an assay solution, they could selectively interact with Hg2+,
resulting in that the Hg2+–GQDs complex might be destroyed
and the turn-on uorescent intensity recovered. The uorescent
intensity of the GQDs was linearly related to their concentration
ranges of both I� and CN�. However, in the presence of specic
masking reagents, such as persulfate (S2O8

2�) or hydrogen
peroxide (H2O2), the GODs sensor was selectively capable of
detecting trace levels of only I� or CN�, respectively. The prac-
tical feasibility of this approach was also demonstrated for the
analysis of I� and CN� in drinking water samples.
1408 | RSC Adv., 2018, 8, 1407–1417
Experimental
Chemicals

Citric acid, sodium hydroxide, silver chloride, potassium chlo-
ride and barium chloride were purchased from Ajax Fine Chem
Pty. Ltd. Mercury nitrate, cobalt nitrate hexahydrate, lead
nitrate, zinc nitrate hexahydrate, cadmium nitrate tetrahydrate,
copper nitrate trihydrate, potassium cyanide and potassium
iodide were purchased from Sigma-Aldrich and used without
further purication.
Instrumentation

UV-visible absorption spectra were obtained with an Agilent
8453 spectrophotometer (Agilent, Germany). Emission spectra
were recorded using a RF-5301PC spectrouorophotometer
(Shimadzu, Japan), with an excitation wavelength of 370 nm.
The excitation and emission slit widths were 5 nm. A quartz
cuvette with a 1 cm path length and 1 cm window width was
used for the UV-visible and uorescence measurements.
Transmission electron microscopy (TEM) images were obtained
using a JEOL 1200 electron microscope operating at an accel-
erating voltage of 200 kV (JEOL Ltd., Japan). The functional
groups of GQDs were characterized by attenuated total
reectance-Fourier transform infrared (ATR-FTIR) spectro-
scopic measurements using a TENSOR 27 system Fourier
transform infrared spectrometer (Bruker, Germany).
Preparation of GQDs

GQDs were prepared from citric acid by a pyrolysis method with
a modied procedure.20 Briey, 2.0 g of citric acid was added
into a 5 mL vial. The vial was heated to 260 �C using a paraffin
oil bath for about 10 min. The citric acid was slowly liquated to
a yellow colour. The liquid was transferred into a beaker con-
taining 100 mL of 0.25 mol L�1 NaOH with continuous stirring
for 30 min. The obtained sample solution was neutralized to pH
7.0 with NaOH, and the GQDs stock solution was stored at 4 �C
before use.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 PL emission spectra of the GQDs at different excitation
wavelengths.

Fig. 3 FT-IR spectra of the GQDs and GO.
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Quenching of GQDs using Hg2+

First, 20 mL of 2.0 mg mL�1 GQDs solution and 1 mL of
1 mol L�1 phosphate buffer pH 7.4 were mixed in 10 mL
Fig. 4 TEM image of the GQDs.

This journal is © The Royal Society of Chemistry 2018
volumetric ask. Then, various concentrations of Hg2+ were
added to an aliquot of the GQDs solution (10 mL nal volume)
at room temperature. The Hg2+-quenched uorescent spectrum
of each GQDs solution was recorded immediately at lex/lem 370/
465 nm. Then, such spectral measurements were used to plot
the quenching calibration curve for Hg2+.
Detection of I� and CN�

Various concentrations of either I� or CN� and 20 mL of the
Hg2+-quenched GQDs solution were mixed in 0.1 mol L�1

phosphate buffer solution adjusted to various pH values (10 mL
nal volume). For the selective determination of I� and CN�,
a specic masking agent was chosen for the anion solution
prior to recording the uorescent spectrum of each solution at
lex/lem 370/465 nm. Such spectral measurements were used to
plot the enhancing calibration curves for both I� and CN�. In
addition, the optimum conditions for the dual detection of CN�

and I� were also investigated in detail. Moreover, to evaluate the
performance of the proposed method, the optimized conditions
were validated in terms of linearity, limits of detection and
quantication, and precision (expressed as the relative standard
deviation, RSD, of the calibration slope obtained from both
intra-day and inter-day analysis). Finally, the Hg2+–GQDs-based
sensor was applied for the analysis of CN� and I� in real water
samples.
Results and discussion
Characterization of GQDs

Fig. 1a shows the UV-visible absorption spectrum of the as-
synthesized GQDs, giving two absorption bands at around
230 nm and 365 nm. A broad band appeared at 230 nm,
resulting in nearly no uorescence signal, which was attributed
to p–p* transition of the aromatic sp2 domains.1 The other
typical absorption peak was at 365 nm, which was assigned to
the n–p* transition of graphitic sp2 domains.51,52 The photo-
luminescence (PL) spectrum of the GQDs showed a strong peak
RSC Adv., 2018, 8, 1407–1417 | 1409
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Fig. 6 (a) Changes in the emission spectra of the GQDs at different
Hg2+ concentrations (0–30 mM), and (b) changes in the emission
intensity at 465 nm versus Hg2+ concentration in 0.1 M phosphate
buffer (pH 7.4).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
1/

12
/2

02
5 

12
:2

0:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at 465 nm (Fig. 1b) when excited at 370 nm (Fig. 1c), and the full
width at half maximum (FWHM) was about 100 nm, which
resembles that of most graphene quantum dots.52–54

To further characterize the optical properties of the as-
synthesized GQDs, detailed PL investigations were carried out
with different excitation wavelengths (Fig. 2). When the excited
wavelengths changed from 320 to 380 nm, the PL intensity
decreased remarkably, but the uorescent peak was not shied.
This excitation-independent PL behaviour had a similar trend
compared with most of reported GQDs.55–57

Fig. 3 shows the FT-IR spectra of the GQDs and graphene
oxide (GO) as a reference. From both spectra, there are strong
bands at around 1556 cm�1 due to the C]C stretching mode of
the polycyclic aromatic hydrocarbons,19,58 indicating that GQDs
remain the structure of graphene. Moreover, the bands at
around 1718 cm�1 corresponded to the carboxyl group, and the
bands at around 3440 cm�1 were attributed to the stretching
vibration of the hydroxyl group. The peaks at 1364–1068 cm�1

were attributed to the C–O in the COH/COC (epoxy) group.59 For
comparison, the bands of carboxyl and hydroxyl groups for
GQDs are dramatically reduced compared with GO but still
exist, while those of the epoxy group have almost disappeared.
Therefore, it can be speculated that the GQDs exhibit the main
sheet structure of graphene, with rare carboxyl and hydroxyl
groups remaining on the sheets.19

To determine the particle size of the GQDs, the obtained
sample was characterized by transmission electron microscopy
(TEM). Fig. 4 shows the image of the GQDs. Using image J
soware, the GQDs particles with diameters in the range of
3.74 nm to 8.41 nm were distributed uniformly. The small
particle sizes of GQDs exhibited a characteristic of their uo-
rescent intensity.

The quenching effect of various metal ions on the uorescent
intensity of GQDs

To study the effect of metal ions on the quenching of GQDs,
various metal ions, including Ag+, K+, Na+, Ba2+, Ca2+, Cd2+,
Fig. 5 Quenching of the fluorescent intensity of the GQDs by different
metal ions. All the ions were at 100 mM concentration. I and I0 are the
emission intensities of the GQDs at 465 nm either in the presence or in
the absence of some metal ions in 0.1 M phosphate buffer (pH 7.4).

1410 | RSC Adv., 2018, 8, 1407–1417
Co2+, Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Mn2+, Ni2+, Pb2+, Zn2+, Cr3+,
Fe3+, Sb3+ and Al3+ ions were tested. From Fig. 5, it was found
that Hg2+ could strongly quench the uorescent intensity of the
GQDs. Both Fe2+ and Fe3+ had slight quenching effects. Other
metal ions gave rather a low one. That high selectivity may be
Fig. 7 Changes in the emission spectra of the GQDs at different
reaction times using 5 mM Hg2+ in 0.1 M phosphate buffer (pH 7.4).

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Changes in the emission spectra of the GQDs at different pH
values using 5 mM Hg2+ and 5 min reaction time.

Fig. 9 Schematic illustration for turn-off/on fluorescent sensor for the

This journal is © The Royal Society of Chemistry 2018
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ascribed to the fact that Hg2+ possesses a stronger affinity
towards the carboxyl groups on the GQDs surface than other
metal ions,60 and the selective quenching presumably occurs via
either electron or energy transfer from GQDs to Hg2+.61
Optimization conditions for the quenching effect of Hg2+ on
the GQDs uorescent sensor

The Hg2+-quenched GQDs as the uorescent turn-off sensor was
studied in detail. Fig. 6 shows the effect of an increasing
concentration of Hg2+ on the uorescent intensity of the GQDs.
It was found that their uorescent intensity gradually decreased
upon increasing the Hg2+ concentration. A linear relationship
was obtained in the range of 0–30 mM when the maximum
uorescent intensity at 465 nm was plotted against the Hg2+

concentration. At 5 mM of Hg2+, the uorescent intensity of the
GQDs was almost quenched with the relative quenching effect
Hg-GQDs-based dual sensing for CN� and I� ions.

RSC Adv., 2018, 8, 1407–1417 | 1411
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of 83.47%. Therefore, this concentration was used for further
study.

To improve the performance of the quenching effect of Hg2+,
some experimental conditions, including reaction time and
solution pH, were optimized. Aer the addition of 5 mM Hg2+,
the uorescent (FL) spectrum of the GQDs solution (20 mg L�1

GQDs, pH 7) was recorded within a minute interval. Thus, the
FL intensity recorded at 465 nm decreased as much as possible
to about 82% within the rst minute aer the addition of Hg2+

(Fig. 7), and then, the FL intensity remained constant over the
next 30 min. These results suggested that the quenching
process is very rapidly completed in a short time. Besides, the
quenching effect of GQDs could only occur if the Hg2+ was
needed to be detected rapidly.

In terms of the solution pH, it has a strong effect on the FL
intensity of the GQDs and thus, it is an important factor for this
sensing system. A series of both acetate and phosphate buffer
solutions (each 0.1 M) at different pH values were prepared, and
the GQDs solution (20mg L�1

nal concentration) together with
the 5 mM Hg2+ were added successively to each of the buffer
solutions (pH range 1.0–12.0). The FL intensity of the GQDs at
465 nm was recorded from each of the two buffer solutions,
namely with or without added Hg2+ (Fig. 8). The FL intensity of
the GQDs increased gradually within the pH range 1.0–3.0, then
increased sharply in the pH range 3.0–7.0, until nally, it was
stabilized under alkaline conditions. This implied that the total
quenching effect of the Hg2+ would be at pH > 7.0. Thus, the
solution pH for highly sensitive and stable Hg2+-quenched
GQDs was set to pH 7.4.

Masking effect of CN� and I� for the Hg2+–GQDs uorescent
turn-on sensor

A graphical scheme for the uorescent turn-on sensor of CN�

and I� is shown in Fig. 9. The GQDs show strong blue uores-
cence in an aqueous buffer solution. When Hg2+ was added, it
bound to the GQDs, resulting in a strong quenching effect being
observed. Upon the addition of a CN� or I�, both CN� and I�
Fig. 10 Effect of reaction time on the fluorescent intensity of the
Hg2+–GQDs by both CN� and I� ions using 5 mMHg2+ and each 10 mM
of CN� and I� in 0.1 M phosphate buffer (pH 7.4).

1412 | RSC Adv., 2018, 8, 1407–1417
react with the Hg2+ in the GQDs solution. The Hg2+–GQDs
complex might be dissociated, and the GQDs uorescence itself
then recovered, which could be used to quantify the CN� or I�

under a suitable masking agent of S2O8
2� and H2O2 for the

detection of CN� and I�, respectively. Thus, to improve the
detection performance of both CN� and I�, the experimental
conditions, including reaction time, solution pH and concen-
tration of the masking agents, were optimized in detail. Aer
the addition of 10 mM CN� or I�, the FL spectrum of the Hg2+–
GQDs was recorded at a minute time interval. It was found that
the FL intensity recorded at 465 nm rapidly increased and kept
constant within a minute (Fig. 10), and then still remained
constant for a further 30 min.

However, the effect of solution pH was also considered for
the sensing system. A series of phosphate buffer (0.1 M) at
different pH values was used, and the quenched GQDs solution
together with 10 mMCN� or I� solution were added successively
to each different buffer at pH 7.0–12.0. The FL intensity was
recorded from each solution of the Hg2+–GQDs + CN� and
Hg2+–GQDs + I� (Fig. 11). The FL intensity of the quenched
GQDs aer the addition of either CN� or I� was unchanged in
the pH range 7.0–9.0 and then slightly decreased in the pH
Fig. 11 Effect of the solution pH on the fluorescent intensity of the
Hg2+–GQDs by: (a) CN� and (b) I�.

This journal is © The Royal Society of Chemistry 2018
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range 10.0–12.0. It was evident that the uorescent enhancing
effect was highly critical at about pH 9.0.

The effect of the masking agent concentration was inevitably
investigated. The Hg2+–GQDs solution together with 10 mMCN�

or I� solution were added successively to each different
concentration of either S2O8

2� (0–600 mM) or H2O2 (0–500 mM).
The FL intensity was immediately recorded from each of those
solutions (Fig. 12). From the results, it was evident that the FL
intensity of Hg2+–GQDs decreased with an increasing S2O8

2� in
the range 0–500 mM, and then kept constant, while that of the
Hg2+–GQDs also decreased with the increasing H2O2 in the
range 0–300 mM. Therefore, this implied that the suitable
concentrations of the masking agents are 500 and 300 mM for
S2O8

2� and H2O2, respectively.
In aqueous media, the positively charged Hg2+ ions tend to

be adsorbed on the surface of the negatively charged GQDs
because of the electrostatic interaction during the quenching
Fig. 12 Effect of the masking agent concentration: (a) S2O8
2� and (b) H2

ions.

This journal is © The Royal Society of Chemistry 2018
process. Hg2+ can quench the FL of GQDs because this facili-
tates non-radiative electron/hole recombination and annihila-
tion through an effective electron-transfer process,13 however,
the quenched Hg2+–GQDs still possess the potential of emitting
FL, and a reversible Hg2+ desorption, caused by CN� and I�, will
lead to “Off–On” FL switching. One explanation for the
enhancement process is that CN� and I� can form with the
Hg2+, which is much stronger than the electrostatic interaction.
Thus, the Hg2+ cations tend to separate from the GQDs as the
amount of CN� and I� increases. Thus, the FL of GQDs will be
restored and enhanced linearly within a certain concentration
range of CN� and I�. Moreover, to enhance the selectivity for
each CN� and I� detection, we used H2O2 and S2O8

2 as masking
agents for CN� and I�, respectively. In fact, H2O2 possesses
a strong oxidation ability for CN� (CN� + H2O2 / CNO� + H2O;
K ¼ 4.9 � 1075) under alkaline pH conditions.31,62,63 Therefore,
the use of H2O2 as the masking agent greatly suppresses the
O2 for quenching of the Hg2+–GQDs after the addition of I� and CN�

RSC Adv., 2018, 8, 1407–1417 | 1413

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12327b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
1/

12
/2

02
5 

12
:2

0:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
interfering matrix from the CN�, allowing the Hg2+–GQDs
sensor to exhibit an excellent selectivity for I�. In addition; the
oxidation of I� to molecular iodine (I2) using Na2S2O8 (S2O8

2� +
2I� / 2SO2� + I2; K ¼ 7 � 1015) can mask the I� ions.62

Selectivity of the Hg2+–GQDs uorescent turn-on sensor for
CN� and I� detection

To study the selectivity of the Hg2+–GQDs sensor for CN� and I�

detection, the intensity ratios of (F � F0)/F0 for the Hg2+–GQDs
in the presence of various anions, including iodide (I�), chlo-
ride (Cl�), bromide (Br�), uoride (F�), hydroxide (OH�), thio-
cyanate (SCN�), acetate (CH3COO

�), nitrate (NO3
�), iodate
Fig. 13 Selectivity of the Hg2+–GQDs fluorescent sensor for various
anions (10 mM) in the (a) absence of the masking agent used, and in the
presence of (b) H2O2 (300 mM) and (c) S2O8

2� (500 mM).

1414 | RSC Adv., 2018, 8, 1407–1417
(IO3
�), cyanate (CN�), carbonate (CO3

2�) and sulfate (SO4
2�),

were obtained. The concentration of each anion was 10 mM,
same as that of the CN� or I� in the assay solution. Fig. 13a
shows that the addition of CN� and I� to those solutions
resulted in an apparent recovery of the uorescent intensity
(turn-on), whereas the other remaining anions had no effect
under the same experimental conditions. Using H2O2 (300 mM)
as the masking agent greatly suppressed the interfering matrix
from the CN�, allowing the Hg2+–GQDs sensor to exhibit an
excellent selectivity for I� (Fig. 13b). The Hg2+–GQDs in 0.1 M
phosphate buffer solution (pH 9.0) containing 300 mM H2O2

exhibited a selectivity of about 300-fold for I� over the other
anions. Under the optimal conditions, this could be used to
determine the trace level of I� by monitoring the uorescence
enhancement [(F � F0)/F0] of the Hg2+–GQDs solution contain-
ing H2O2. When the iodide concentration was increased,
a gradual increase in the uorescent intensity of the probe
solution was observed (Fig. 14). The plots of relative
Fig. 14 Changing in the emission spectra of the Hg2+–GQDs at
different I� concentrations.

Fig. 15 Changes in the emission spectra of the Hg2+–GQDs at
different CN� concentrations.

This journal is © The Royal Society of Chemistry 2018
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uorescence [(F � Fo)/Fo] exhibited a good linearity over the I�

concentration ranging from 1 to 12 mM with a correlation
coefficient (R2) of 0.9984. This proposed method enabled the
selective sensing of I� with a limit of detection (LOD) of 0.2 mM
with an S/N ratio of 3.

In addition, the effect of S2O8
2� on the Hg2+–GQDs system

was also studied. For this purpose, the uorescent sensor was
an extensive choice for CN� with respect to the other anion
species in the presence of 500 mM S2O8

2� between the relative
uorescent intensity and the concentration in the range 0–8 mM
(R2¼ 0.9994) (Fig. 15). The LOD of CN� was 0.17 mMwith an S/N
ratio of 3. The results suggested that the Hg2+–GQDs uorescent
turn-on sensor was very sensitive for monitoring both CN� and
I� at trace levels in real samples.
Method validation
Performance evaluation

The analytical characteristics of the proposed method were
validated under the optimized conditions in terms of linearity,
Table 1 Analytical characteristics of GQDs–Hg system for the determin

Analytical parameter

Linear range (mM)
Linear equation
Correlation coefficient (R2)
Limit of detection (mM, n ¼ 11)
Limit of quantication (mM, n ¼ 11)
Relative standard deviation (%) for: intra-day analysis (n ¼ 9)
Relative standard deviation (%) for: inter-day analysis (n ¼ 11)

Table 2 The contents and their recoveries of CN� and I� in drinking wa

Drinking water
sample

CN�

Added (mM) Found (mM) Recovery (%

Brand 1 0.0 0.00 —
0.5 0.36 77.40 � 4.98
3.0 3.30 110.86 � 8.2
7.5 7.76 103.81 � 5.4

Brand 2 0.0 0.00 —
0.5 0.36 72.97 � 6.11
3.0 2.93 97.70 � 3.67
7.5 7.00 93.30 � 2.79

Brand 3 0.0 0.00 —
0.5 0.56 112.41 � 7.3
3.0 3.02 100.71 � 5.2
7.5 7.37 98.20 � 4.71

Brand 4 0.0 0.00 —
0.5 0.41 81.52 � 6.51
3.0 3.21 106.94 � 4.1
7.5 7.69 102.53 � 5.2

Brand 5 0.0 0.00 —
0.5 0.41 81.52 � 3.73
3.0 3.14 104.61 � 7.0
7.5 7.41 98.80 � 6.30

This journal is © The Royal Society of Chemistry 2018
limit of detection, limit of quantication and precision
(expressed as the relative standard deviation, RSD, of the cali-
bration slope obtained from both intra-day and inter-day anal-
ysis) to estimate the efficiency and feasibility of the method for
use with drinking water samples. The results obtained are
shown in Table 1. The linearity ranges were found to be 0.5–8.0
mM (R2 ¼ 0.9994) and 1.0–12.0 mM (R2 ¼ 0.9984) for CN� and I�,
respectively. Their linear calibration graphs were as follows: y ¼
33.486x + 47.444 and y ¼ 19.535x + 88.637 (where y is the
uorescence intensity and x is the concentration of CN� or I�).
The limits of detection (LOD) dened as 3SD/m (where SD is the
standard deviation of a very low concentration of CN� or I� and
m is the slope of the calibration graph) were 0.17 and 0.20 mM
for CN� and I�, respectively. While the limits of quantication
(LOQ), dened as 10SD/m, were 0.99 and 0.78 mM for CN� and
I�, respectively. The precision, expressed as % RSD of the slope
of the calibration graph, was evaluated in terms of repeatability
(n ¼ 9, intra-day RSD) and was 2.33% and 1.03%, while repro-
ducibility (work performed during 11 consecutive days, inter-
day RSD) was 4.92% and 3.05% for CN� and I�, respectively.
ation of CN� and I� ions

Analytical feature

CN� I�

0.5–8.0 1.0–12.0
y ¼ 33.486x + 47.444 y ¼ 19.535x + 88.637
0.9994 0.9984
0.17 0.20
0.99 0.78
2.33 1.03
4.92 3.05

ter samples using the GQDs–Hg system (n ¼ 3)

I�

) � SD Added (mM) Found (mM) Recovery (%) � SD

0.0 0.00 —
0.5 0.44 88.99 � 3.92

7 3.0 2.77 92.31 � 5.74
4 7.5 7.35 98.02 � 4.69

0.0 0.00 —
0.5 0.34 78.61 � 2.97
3.0 2.72 90.53 � 5.48
7.5 7.26 96.75 � 3.61
0.0 0.00 —

3 0.5 0.59 117.09 � 7.08
3 3.0 2.90 96.72 � 5.63

7.5 7.46 99.47 � 4.75
0.0 0.00 —
0.5 0.43 86.69 � 3.44

5 3.0 3.07 102.29 � 4.74
0 7.5 7.42 98.94 � 5.31

0.0 0.00 —
0.5 0.51 102.48 � 4.22

0 3.0 2.87 95.70 � 5.09
7.5 7.32 97.66 � 3.17

RSC Adv., 2018, 8, 1407–1417 | 1415
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Analysis of real samples

To demonstrate the applicability and reliability of the proposed
method, it was successfully applied to 15 samples of drinking
water, including ve brands of water (brand 1–5). The contents
of CN� and I� in these samples were obtained as shown in
Table 2. The results showed that both CN� and I� were not
found in all the samples studied. In addition, to evaluate the
matrix effect the accuracy of the method was veried by calcu-
lating the recovery study in the real samples. Each sample was
spiked with three concentrations (0.5, 3.0 and 7.5 mM) of the
standard solution of both CN� and I�. Then, the relative
percentage recoveries were calculated as follows:64

% recovery ¼ [(Cfound � Creal)/Cadded] � 100

where, Cfound, Creal and Cadded are the concentration of analyte
aer the addition of the known amount of standard in the real
sample, the concentration of analyte in the real sample and the
concentration of the known amount of standard that was spiked
in the real sample, respectively. From the results (Table 2), it
was found that the recoveries of the proposedmethod expressed
as the mean percentage (n ¼ 3) were in the range of 72.97–
112.41 and 78.61–117.09% for CN� and I�, respectively. This
demonstrates that this method provides acceptable recovery for
the determination of both CN� and I� in these real samples.
Therefore, it was concluded that the matrix effect in these
samples was negligible for all on the performance of the
proposed method.

Conclusions

The proposed method described was a highly sensitive and
selective turn-on uorescent sensor for cyanide and iodide in
water samples using Hg2+–GQDs with the featured marking
agents as a novel nanosensor. The quenched GQDs were almost
stable in alkaline conditions. The prominent advantage of the
method is its simplicity and rapidity. In the presence of the
masking agent, persulfate permitted the detection of CN� with
selectivity. It is also demonstrated that in the presence of
hydrogen peroxide, the Hg2+–GQDs selectively could detect I�.
Under the optimum conditions, their analytical features of
merit were validated. Some common interfering ions were
shown not to affect the determination of CN� and I�. The
proposed method was applied for the determination of both
CN� and I� in real samples successfully with the acceptable
recovery ranges of 72.97–112.41% and 78.61–117.09% for CN�

and I�, respectively.
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