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Abstract
A glassy carbon electrode (GCE) was modified by electropolymerization of curcumin on MnO2-Gr nanosheets to obtain a
detection method for Hg(II) and for the anions fluoride and cyanide. The complexation by curcumin can be monitored
by potentiometry. The results revealed a cathodic shift for the simultaneous detection of fluoride and cyanide and an anodic
shift for the mercury(II) sensing, with peak potentials of −0.24, 0.12 and 0.82 V, respectively (vs. Ag/AgCl). The modified GCE
is fairly selective, reproducible and repeatable. The detection limits are 19.2 nM for Hg(II), 17.2 nM for fluoride, and 28.3 nM for
cyanide (LOD, S/N = 3). The method was successfully applied to the analysis of spiked samples of tap water, river water and
petrochemical refinery wastewater.
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Introduction

The designing of contaminated water sensors has become a
dynamic area of research because of the serious chemical
problems that affect the ecological system and the human
being [1].Mercury(II), fluoride and cyanide can be considered
among the most harmful ones, which accumulate in the envi-
ronment and subsequently reaches to human [2, 3]. In the
same context, the high exposure to these ions affects kidney,
respiratory and nervous systems, causing a fatal damage [4].

Furthermore, many major sources of these toxic contaminants
can be found citing pesticide production, industrial and med-
ical activities [5, 6]. According to the World Health
Organization, the permissible limit of F−, CN−and Hg2+ ion
concentrations in drinking water are 1.5, 0.07 and
0.006 μg.mL−1, respectively [7–9].

Varieties of analytical techniques have been employed to
quantify trace levels of heavy metals and toxic anions in water
citing colorimetric and electrochemical techniques. For in-
stance, N. Ratner et al. have developed sensitive electrochem-
ical gold nanoparticles modified glassy carbon electrode plat-
form for mercury(II) detection. They reported that a remark-
able detection limit was found to be 1 μmol.mL−1 [10].
Further, P. Borthakur and collaborators have described the
use of CoS-reduced porous graphene oxide nanocomposite
for the sensing of mercury(II) in aqueous media. The system
exhibited a selective response toward Hg2+ in the presence of
a large variety of interferents with a detection limit of
14.23 nM [11]. Moreover, L. Wan et al. have synthesized a
new multifunctional Schiff-based chemosensor, 4,4′-bis(2-
hydroxybenzylideneamine)diphenylsulfone (DSS), for simul-
taneous fluoride and cyanide quantification. The reportedwork
described the use of UV-Vis and photoluminescence spectrosco-
py (PL) to monitor the detection of target ions [12]. In addition,
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Q. Shu et al. have elaborated a bis(ferrocenyl)phenanthroline
iridium(III) complex as a lab-on-a-molecule for the competitive
determination of cyanide and fluoride in aqueous solution using
the combination of the photoluminescence (PL) and
electrochemiluminescence (ECL). The found limit of detection
was less than 10 μM in aqueous solution [13]. Moreover, M.
Amjadi et al. have described a new chemiluminescence (CL)
system based KMnO4-rhodamine B functionalized gold nano-
particles to sense CN− in real samples such as urine. They report-
ed that the presence of anions inhibited the luminescence re-
sponse of the system. The linear dynamic range was found to
be 0.01–0.50 μM, with a detection limit of 2.8 nM [14].

Curcumin, (E,E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione, has received much attention due to nu-
merous advantageous properties [15]. K. Ponnuvel et al. have
reported the use of a curcumin analog to sense selectively cya-
nide and fluoride in aqueous media. The fluorescence results
revealed a sensitive response toward these two target ions even
in the presence of a large range of interferent anions [16]. In the
same way, F. Y.Wu and collaborators have described the use of
curcumin molecule for monitoring fluoride concentrations in
acetonitrile solution. The fluorescence results revealed that the
complexation process induces an inhibition of the spectroscopic
response of curcumin [17]. Moreover, N. Pourreza et al. have
used curcumin nanoparticles to prepare a paper-based analytical
device for mercury(II) sensing. The reported work showed that
curcumin nanoparticles have an ultrasensitive response toward
Hg2+ with a linear range of 0.5–20 μg.mL−1 and a detection
limit of 0.17 μg.mL−1 [18]. Despite all this interest, we did not
find until now a work described the use of curcumin in an
electrochemical platform for ion detection.

The authors report a new electrochemical mercury(II), fluo-
ride and cyanide platform assay based curcumin modified man-
ganese dioxide-graphene nanosheets. Curcumin is used as both
an electrochemical transducer and ion receptor. In addition, the
tautomeric forms of curcumin are explored to detect Hg2+ as
heavy metal cation and F− and CN− as toxic anions.
Furthermore, the electrochemical studies reveal a potentiomet-
ric response with great linear ranges for both target ions. Thus,
the chelation process of mercury(II) induces an anodic shift
while the recognition of cyanide and fluoride exhibits a cathod-
ic shift. Moreover, the platform exhibits high metrological per-
formances such as the detection limit, repeatability, reproduc-
ibility, selectivity and long storage stability. The system is ap-
plied to detect target contaminants in various water sources.

Materials and methods

Apparatus and electrodes

Electrochemical measurements were recorded using a
MetrohmAutolab PGSTAT 302n electrochemical workstation

(Herisau, Switzerland). Experiments were performed at room
temperature with a three-electrode system composed of plati-
num wire as an auxiliary electrode, Ag/AgCl as a reference
and the modified glassy carbon electrode as a working elec-
trode. The data were collected using Nova® v1.11 software.
SEM images were captured using a MIRA3 LMU Oxford
EDX. Raman spectra were recorded using a Horiba LabRam
HR Evolution. The XRD pattern was obtained using a Philips
X’ Pert Pro system.

Reagents and solutions

All reagents were of the highest available grade. Curcumin
(CM), graphene oxide, hydrochloric acid (37%), ammonia
solution, hydrazine solution (35 wt%), potassium permanga-
nate, MnSO4.H2O, phosphate buffer tablet, ferricyanide, fer-
rocyanide, Tertiary-butylammonium salts of anions and
mercury(II) chloride were purchased from Sigma-Aldrich
(www.sigmaaldrich.com). EIS measurements were carried
out using phosphate buffer (PB; 0.1 mM, pH 7.4) containing
a mixture of 5 mM of Fe(CN)6

4− and 5 mM of Fe(CN)6
3−was

used as a redox probe couple. All experiments have been done
at least in triplicate using different platforms.

Preparation of MnO2-graphene nanosheets

Manganese dioxide-graphene nanosheets were prepared ac-
cording to reported X. Feng et al. approach [19]. (For more
details, see electronic supporting materials).

Preparation of curcumin-MnO2-graphene nanosheets
platform

The curcumin-MnO2-graphene nanosheets platform was fabri-
cated as described in Fig. 1a. Firstly, the glassy carbon electrode
was polished with alumina slurry (a mixture ofϓ-Al2O3 / water
(5 mg.mL−1)). The polished surface was sonicated in distilled
water. Then, the 5 μL of dispersed MnO2-Graphene in water
(2.0mg.mL−1) was used to coat the GCE surface and it was dried
under atmospheric condition. In order to electropolymerized
curcumin on the electrode surface, the MnO2-Graphene-GCE
electrode was immersed into the 50 μM curcumin solution in
freshly prepared PB (pH 7.4). The 20 consecutive voltammetric
cycles were performed in the potential range of [−0.3, 0.6 V] (vs.
Ag/AgCl) at the scan rate of 50 mV.s−1 [20, 21].

Electrochemical measurement

The DPV measurements were developed using a 5 mL elec-
trochemical cell containing PB (0.1 mM) with a scanning rate
of 10 mVs−1. Moreover, the chronoamperometric measure-
ments of the target ion detection were performed at the oxida-
tion potential of the relative curcumin-ion complex.
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Additionally, the EIS measurements were performed by ap-
plying a 50 mV sinusoidal potential to the working electrode
at the frequency range of 0.1 Hz-100 KHz. Furthermore, the
determination of fluoride, cyanide and mercury(II) concentra-
tions present in real samples was carried out after a prelimi-
nary filtration in order to eliminate the supernatants (for more
details, see ESM).

Results and discussion

Choice of materials

Graphene nanomaterials possess unique thermal, mechanical
and electrical conductivity properties [22]. This latter has been
highly sought to construct sensors and biosensors [23, 24].
Further, manganese oxide nanomaterials as non-toxic metal
oxide have been widely in catalysis, energy storage, and sen-
sors [25, 26]. To improve the electron transfer rate and the
electrical conductivity of the carbon surface, a combination
of these two nanomaterials has been chosen to be integrated
into the platform. On the other hand, the choice of the
curcumin molecule was fixed because of the dual role of the
electrochemical transducer and ion receptor in monitoring the
detection event. Indeed, the presence of the two phenolic moi-
eties induces a very stable electrochemical response, even in
an aqueous medium. In addition, the α, -diketone group
with its two tautomeric forms served as an ion receptor when
establishing the detection process (Fig. 1b).

Curcumin-MnO2-graphene assay design

The curcumin-MnO2-Gr coated glassy carbon electrode was
prepared via the step-by-step strategy. In fact, MnO2-Gr nano-
sheets were used to modify GCE due to their electronic pro-
prieties. Further, curcumin with its dual electrochemical

transducer-chelator center was used to functionalize the mod-
ified electrode surface to explore its tautomeric forms. Indeed,
K. Ponnuvel demonstrated that curcumin recognized anions
via the enol form while N. Pourreza explained that the keto
form ensured the detection of heavy metal cations (Fig. 1b)
[16, 18]. Due to this reason, the fabricated curcumin platform
was used to detect simultaneously Hg2+, CN− and F−. The
microscopic, spectroscopic and electrochemical techniques
were employed to characterize the Curcumin-MnO2-Gr plat-
form design.

Microscopic and spectroscopic studies

The MnO2-graphene nanosheets were integrated into the sys-
tem design to enhance the electron transfer on the electrode
surface. The nanosheet form was elucidated through scanning
electron microscopy and atomic force microscopy. In fact,
Fig. 2a shows clearly the presence of adsorbed nanosheets
on the carbon surface (For the SEM image of CM-MnO2-Gr,
see Fig. S2). In addition, the AFM image reveals the morphol-
ogy of nanosheets (Inset Fig. 2a). Furthermore, the XRD pat-
tern which was recorded after each preparation steps of
MnO2-graphene, confirms the preparation of the nanosheets.
Figure 2b displays the presence of the two diffraction peaks at
22.1° and 42.7° indexed as (002) and (100) respectively rela-
tive to graphite. In addition, the diffraction peaks of the nano-
composite indicate the presence of relative MnO2 diffraction
peaks localized at 12.7°, 24.6°, 36.9° and 65.3° relative to
(003), (006), (101) and (110) reflections, respectively. To fur-
ther confirm the formation of MnO2-graphene nanosheets,
Raman spectroscopy was employed. Figure 2c reveals the
presence of all characteristic bands relative to the presence
of graphene and MnO2. In fact, Raman spectrum of graphene
shows the presence of G band at 1602.1 cm−1 relative to the
in-plane bond stretching of the pairs of C (sp2) atoms and D
band at 1361.3 cm−1 relative to breathing modes of rings. As

GCE

MnO
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nanosheets/Graphene 
Electropolymerization

of curcumin molecules

a

b

CM - MnO
2
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Fig. 1 Schematic representation
of the stepwise procedure to
prepare Curcumin-MnO2-Gr
platform (a) and tautomeric
mechanism of the curcumin (b)
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shown in the Raman spectrum of the nanocomposite, the three
major vibration features relative to MnO2 compound are re-
ported at 495.2, 575.4 and 630.7 cm−1, additionally to char-
acteristic bands of graphene. Moreover, the electrochemical
impedance spectroscopy was used to monitor the step-by-
step formation of platform design. Figure 2d exhibits the
Nyquist plots of the different stepwise of electrode modifica-
tion. In fact, the coating GCE electrode with MnO2-graphene
nanosheets induced a significant decrease in the charge trans-
fer resistance (Rct) due to its high conductivity compared to
the carbon surface. However, the electropolymerization of
curcumin exhibited dramatically an enlargement in the semi-
circle arc leading to a considerable increase in resistance elec-
tron transfer.

Electrochemical studies of immobilized curcumin

The immobilization of curcumin (CM) on the modified sur-
face was confirmed by electrochemical techniques such as
cyclic voltammetry and differential pulse voltammetry.
Indeed, cyclic voltammogram of the modified surface

recorded at 50 mVs−1 in PB (pH 7.4) reveals the presence of
an oxidation peak localized at 0.35 V (vs. Ag/AgCl) and a
reduction peak at 0.29 V (vs. Ag/AgCl) relative to the faradic
response of curcumin (Fig. S1). Further, Fig. 3a shows the
dependence of the logarithm of the oxidation current of CM
on the logarithm of the respective scan rates. The plot shows a
straight line with a slope near from the unity indicating an
adsorption control. Moreover, DPV voltammogram reveals
that the oxidation peak current of the immobilized curcumin
on the modified electrode is localized at 0.4 V (vs. Ag/AgCl).
(Fig. 3b).

Assay of mercury(II), fluoride and cyanide ions

The complexation process which was established between
curcumin modified electrode and target ions was monitored
using differential pulse voltammetry and chronoamperometry.
Due to the presence of two tautomeric forms (enol- keto), the
curcumin-based assay platform was able to detect simulta-
neously cations and anions. In fact, the keto form allowed
the cation detection due to the presence of the O,O′-donors

Fig. 2 SEM image of modified MnO2-graphene nanosheets carbon
electrode (inset: AFM image of MnO2-Graphene nanosheets) (a), XRD
pattern of MnO2-graphene nanosheets and graphene nanomaterials (b),

Raman spectra of MnO2-graphene nanosheets and graphene
nanomaterials (c) and Niquist plots of modifications stepwise (d)
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binding sites. Moreover, the hydroxyl group of enol-form en-
sured the anion detection via hydrogen bond (Fig. 1b).

Detection of F− and CN−

Upon the addition of a small amount of anions into the PB, the
DPVresults revealed a cathodic potential shift of the oxidation
potential, accompanied by a significant decrease in the oxida-
tion current of the free curcumin (Fig. 4a and b). For instance,
the addition of 50 ppb of fluoride induced a decrease in the
current of the free curcumin by 2.11 μAwith a formation of a
new DPV peak related to the fluoride-curcumin complex lo-
calized at −0.24 V (vs. Ag/AgCl) (Fig. 4b). Besides, the pres-
ence of cyanide revealed the appearance of a new oxidation
peak at 0.12 V (vs. Ag/AgCl) attributed to the complex for-
mation (Fig. 4a). (For chronoamperograms, see Fig. S3A and
Fig. S3B). Furthermore, Fig. 4d shows a linear dependence in
the range of c.a.50–1200 ppb with a sensitivity of 0.0061 and
0.0052 μA.ppb−1 for the detection of fluoride and cyanide,
respectively. The LOD was found to be 17.2 and 28.3 ppb
(LOD, S/N = 3) for F− and CN−, respectively. Moreover, S.
K. Patil et al. interpreted that the cathodic potential shift fol-
lowing the anion detection process is related to the amplifica-
tion of the electron density of the electrochemical chelator
[27].

Detection of mercury(II)

The detection of mercury(II) was also monitored by
chronoamperometry and differential pulse voltammetry. The
Fig. 4c shows the electrochemical response of the platform
toward the presence of Hg2+, which induced an anodic poten-
tial shift in contrary to what has been observed in the anion
detection. The DPV studies show the appearance of the new
oxidation peak of the mercury complex at 0.82 V (vs. Ag/
AgCl) (For chronoamperograms, see Fig. S3C). The

dependence of the oxidation current of the complex on the
concentration of Hg2+ reveals a linear response from 50 to
1200 ppb with a sensitivity of 0.00713 μA.ppb−1 and a
LOD of 19.2 ppb (LOD, S/N = 3)(Fig. 4d). Beer et al. dem-
onstrated that the anodic shift exhibited by the complexation
of cation targets is due to the delocalization of electronic
charge from chelator sites towards to a metal center [28].
They explain that the new positively charged cation-receptor
complex will be harder to oxidize than the neutral receptor. In
addition, it should be emphasized that the simultaneous detec-
tion of the three target ions (Hg2+, CN− and F−) shows the
presence of the oxidation peaks of the corresponding
curcumin-target complexes (Fig. S3D).

Analytic performances

To demonstrate the applicability of the curcumin platform, the
reproducibility, repeatability, storage stability, selectivity and
real test were developed.

Repeatability, reproducibility and storage stability

After measuring the oxidation current exhibited by the com-
plexation of 50 ppb of fluoride for 25 times in a one single day,
the relative standard deviation (RSD) of repeatability was cal-
culated to be 3.8%. In addition, RSD of the reproducibility
determined by the exploitation of the oxidation current deter-
mined by chronoamperometry of six different curcumin plat-
form in the presence of 50 ppb of mercury(II) was calculated.
The electrochemical system showed a high reproducibility
with 4.2% RSD. Further, three curcumin platforms which
demonstrated a high reproducibility were stored at 5 °C for
1 month. The daily electrochemical studies which were re-
corded by chronoamperometry showed a decrease in the com-
plex peak current by 5.7%. (For chronoelectrochemical results
(see electronic supporting materials, Fig. S4 and Fig. S5).

Fig. 3 The plot of the logarithm
of the oxidation currents of
immobilized CM on modified
electrode versus the logarithm of
various used scan rates (inset:
recorded cyclic voltammograms
of modified CM-MnO2-Gr-GCE
electrode at various scan rates) (a)
and DPV voltammogram of
immobilized curcumin on MnO2-
Gr-GCE electrode (b)
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Selectivity and real test

Because of the similarity in the ionic proprieties and to their
presence in water, various ranges of ions can be used to dem-
onstrate the selectivity of the curcumin platform toward F−,
CN− and Hg2+. The electrochemical studies recorded in the
presence of a large choice of anions such as I−, CH3COO

−,

PO4
3−, SCN− and NO3

− indicate no considerable decrease in
the oxidation peak current of free curcumin, with an absence of
a cathodic shift (Fig. 5a). On the other hand, the DPV results
recorded in the presence of Mg2+, Fe2+, Zn2+ and Cu2+did not
shown any remarkable change in the voltammogram of the
curcumin platform even in the presence of an amount up to
100 ppm. It is clear from the results that curcumin-based

Fig. 4 DPV voltamogrammsof curcumin-MnO2-Graphene-GCE
electrode in the presence of various ion target concentrations from 50 to
1200 ppb recorded at 10 mVs−1 scan rate (a: cyanide, b: fluoride and c:

mercury(II)) and correlation plots of the assay of target ions (oxidation
current of the relative curcumin complex versus the concentration of the
target ion) (d)
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platform showed a very high selectivity and sensitivity toward
target ions even in the presence of numerous interfering ions in
aqueous media (Fig. 5b). (For more details, see electronic
supporting materials, Fig. S6 and Fig. S7).

To demonstrate its usefulness, the platform was used to
detect fluoride, cyanide and mercury(II) in various water sam-
ples such as tap and Medjerd a river waters and petrochemical
refinery wastewater. It is important to emphasize that a pre-
treatment step is necessary to remove solid impurities (for
more details, see electronic supporting materials). The
chronoamperograms, which are summarized in Table 1, reveal
a sensitive ability of curcumin MnO2-Gr platform to detect
target ions. (For more electrochemical data, see electronic
supporting materials Fig. S8, Fig. S9 and Fig. S10).

Comparative study

To evaluate the curcumin-MnO2-Gr platform, the found ana-
lytic performances were compared with others presented in
the literature. It is highly recommended to mention that until
now we did not find a reported work that described the use of
curcumin as an electrochemical sensor for the detection of

both toxic anions and heavy metals. Table 2 reveals that the
reported work exhibits a good sensitivity and a low limit of
detection compared to those using curcumin as a transducer.

Conclusion

The authors describe the development of new curcumin-
based MnO2-Graphene nanosheets electrochemical plat-
form for the detection of both anions and cations.
Fluoride, cyanide and mercury(II) were chosen due to their
high toxicity toward human and environmental. Curcumin
with its dual enol-keto forms was used as both an electro-
chemical transducer and ion receptor. The electrochemical
results revealed that the detection of F− and CN−was ac-
companied by a cathodic shift potential of curcumin oxi-
dation peak, while the detection of mercury(II) was char-
acterized by an anodic shift. Furthermore, the curcumin-
based platform revealed very good analytics performances
such as the selectivity, reproducibility, repeatability and
storage stability. To demonstrate the feasibility of the

Table 1 Determination of target
ions in various media Sample water Target

ion
Detected [Ion]
(P) (ppb)

Added [ion]
(Q) (ppb)

Detected [ion]
after additions
(R) (ppb)

Apparent
recovery:
((R-P)/Q)*100

Tap water
Dilution (103)

F− 232 ± 0.34 100 337.2 ± 0.42 105.2

CN− – 200 202.5 ± 0.37 101.2

Hg2+ – 200 202.7 ± 0.28 101.3

Medjerda
river water
Dilution (103)

F− 214 ± 0.31 100 315.4 ± 0.24 101.4

CN− – 400 397.9 ± 0.19 99.47

Hg2+ – 400 404.3 ± 0.21 101.07

Petrochemical
refinery wastewater
Dilution (103)

F− 237 ± 0.25 100 341.4 ± 0.22 104.4

CN− 127 ± 0.17 200 329.4 ± 0.18 101.2

Hg2+ 164 ± 0.21 200 371.2 ± 0.27 103.6

Table 2 Summary of works
reporting the detection of fluoride,
cyanide and mercury(II) ions

Platform Target ion Used technique Sensitivity / LOD Reference

N, N-dimethyl curcumin CN− and F− Fluorescence − / 2.42 nM [16]

CM NPs based paper Hg2+ Colorimetric − / 0.17 ppm [18]

Curcumin molecule F− Fluorescence − / − [17]

Poly(borosiloxane)-based
selective electrode

F− Potentiometry −/1 nM [29]

Au-Nafion-GCE Hg2+ Potentiometry 11.75 / 3.78 ppb [30]

Etching of gold nanorods CN− UV-Vis −/0.5 nM [31]

CuOnanoshuttles/poly(thionine)
modified glassy carbon electrode

Hg2+ Potentiometry −/8.5 nM [32]

Gold nanoparticle agglomeration F− Colorimetric 0.5 nM/120 μM [33]

CM-MnO2-Gr-GCE F−, CN−, Hg2+ Amperometry 0.006 / 19.2 ppb Present work

GCE glassycarbonelectrode, Au nanogold, MnO2 manganesedioxide, Gr graphene, CM curcumin, BSA
bovine albuminserum
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system, the curcumin-MnO2-graphene electrode was used
to detect target ions in various wastewater and natural
waters.
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