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Abstract 

Heavy metal ion pollution is always a serious problem worldwide. Therefore, monitoring heavy metal ions in environ‑
mental water is a crucial and difficult step to ensure the safety of people and the environment. A mercury ion  (Hg2+) 
fluorescence probe with excellent sensitivity and selectivity is described here. The functionalized graphitic carbon 
nitride nanosheets (T/G‑C3N4) fluorescence probe was fabricated using melamine as a precursor by the pyrolysis tech‑
nique, followed by a rapid KOH heat treatment method for 2 min. The chemical structure and morphology of the T/G‑
C3N4 probe were characterized using multiple analytical techniques including UV–Vis, SEM, XPS, XRD, and fluorometer 
spectroscopy. Geometry optimization of T/G‑C3N4 as a modified probe was performed to assess its stability and 
interaction ability with Hg(II) via using the density function approach. The T/G‑C3N4 probe showed a linear response 
based on quenching over the range 0–1.25 ×  103 nM Hg(II); the detection limit was 27 nM. The remarkable sensitivity 
of T/G‑C3N4 towards the  Hg2+ ions was explained by the intense coordination and fast chelation kinetics of  Hg2+ with 
the  NH2, CN, C=N, and OH groups of T/G‑C3N4 nanoprobe. The T/G‑C3N4 probe demonstrates exceptional selectivity 
for  Hg2+ ions among other metal ions including  (Na+,  Ag+,  Mg2+,  Fe2+,  Fe3+,  Co2+,  Ni2+,  Cd2+,  K+,  Ca2+,  Cu2+,  Pb2+, 
 Mn2+ and  Hg2+) and over a broad pH range (6–10), together with remarkable long‑term fluorescence stability in 
water (> 30 days) and minimal toxicity. T/G‑C3N4 was used to detect and quantify  Hg2+ ions in tuna and mackerel fish 
and the results compared to ICP‑AES. The results obtained offer a new simple and green technique for the design of 
multifunctional fluorescent probe appropriate for environmental applications.
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Graphical Abstract

Introduction
In recent years, the World Health Organization (WHO) 
and the United States Environmental Protection Agency 
(US EPA) have listed mercury as one of the top public 
health societies. They have defined a series of levels in 
drinkable water (< 10  nM), food (< 50  nM) and atmos-
phere (< 4 nM) (Awad et al. 2017; Pica 2021; Premkumar 
et al. 2018). Mercury contamination lead to a destruction 
of the biological system and became a significant danger 
to the environment and human because it is more poi-
sonous than its lethal dose 50 (LD50) values might indi-
cate (Wang et  al. 2022). No doubt that mercury can be 
found naturally in the earth’s from crust degassing of the 
Earth’s crust through volcanic activities and weathering 
of rocks, but industrial and agricultural activities played 
a great role in raising its levels. Mercury exists in three 
inorganic forms; elemental Hg  (Hg0), oxidized Hg  (Hg2+), 
and particle-bound Hg (Hgp) (Krabbenhoft and Sunder-
land 2013), and enters human bodies through the food 
chain. Besides, normal bacterial makeup of the human 
body can change these inorganic forms to organic forms 
leading to severe physiological impacts on the nervous 

system, heart, kidneys, lungs, and immune systems 
(Anderson et  al. 2006; Mortazavi et  al. 2016). Mercury 
has non-biodegradation features, thus, it is of great sig-
nificance to design a harmless, efficient and inexpensive 
 Hg2+ testing material for detection and quantification of 
 Hg2+ levels in different environmental or food samples.

To Date, miscellaneous techniques have been used for 
detecting  Hg2+ levels in numerous samples, including 
spectrophotometric method using dithizone (Wang et al. 
2018a, 2018b), cold vapor atomic absorption spectros-
copy (Tian et al. 2019), inductively coupled plasma mass 
spectrometry (ICP-MS) (Sun et  al. 2020) and electro-
chemical methods (Xie et al. 2022). Still, these techniques 
are usually complex, expensive for analysis and need high 
costs for maintenance, time-consuming and need com-
plicated operation procedures, which limit their practical 
applications for routine analysis. In addition, since differ-
ent samples and sources have various mercury content 
ranging from pM in gas to μM in polluted soil or water, 
most of the previous techniques have the disadvantages 
of non-wide linear range, therefore they cannot be used 
conveniently for environmental-monitoring applications 
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in diverse fields (Mortada et al. 2017; Romanovskiy et al. 
2018). Accordingly, to overcome these difficulties and 
meet the requirement of food safety evaluation and envi-
ronmental monitoring, many fluorescent nanomaterials 
such as carbon dots (Erdemir et  al. 2022), luminescent 
molecular dyes (Rasheed et  al. 2019), and luminescent 
metal nanocrystals (Zhang and Yu 2014) have been pre-
pared and used to design fluorescent probes for  Hg2+ 
detection. These fluorescent nanoprobes have the advan-
tages of low cost, simple handling, high sensitivity, a fast 
response and low detection limit.

Nowadays, nanostructured graphitic carbon nitride 
(g-C3N4), which is a unique carbon based and chemically 
metal-free stable nanoarchitectured material, has been 
widely used as a new fluorophore because; it owns several 
properties essential for sensing applications [e.g. good 
fluorescence stability over time, excellent fluorescence 
quenching phenomenon, high electron transfers char-
acteristics, specificity, fast response, excellent thermo-
chemical stability in both acidic and alkaline media and 
good water solubility (Li et al. 2014; Yin et al. 2021)]. Fun-
damentally, the exceptional fluorescence quenching capa-
bilities of nano g-C3N4, were the reason behind applying 
many fluorescence probes in quantification and detection 
of various spices, such as glutathione (Xu et  al. 2015), 
 Cu2+ (Wang et al. 2018a, 2018b),  Ag+ (Wang et al. 2018a, 
2018b),  Fe3+ (Cárdenas et al. 2021) and  Hg2+ (Wang et al. 
2017). In our study, a simple and cost effective method 
was used to prepare functionalized graphitic carbon 
nitride nanosheets (T/G-C3N4) by a rapid KOH heat 
treatment of G-C3N4 at 730  °C for 2  min. The obtained 
nano T/G-C3N4 exhibited a strong fluorescence intensity 
and an obvious linear quenching behavior by  Hg2+.This 
quenching is a result of the interactions between  Hg2+ 
and T/G-C3N4 nanoparticles, this interaction lead to an 
energy or an electron transfer from T/G-C3N4 surface to 

the target metal ions. This developed analytical method 
offered a low detection limit for the determination of 
 Hg2+ and was validated as their recovery study on apply-
ing for Hg(II) determination in some food samples.

Experimental
For more details on the chemicals and instruments, see 
Additional file 1: S1 and S2 respectively.

Synthesis of surface functionalized G‑C3N4 (T/G‑C3N4) 
nanosheets
The detailed method for the preparation of T/G-C3N4 
is as follows. 3 g melamine powder was heated in a cov-
ered ceramic crucible for 1 h at 550 °C with a ramp rate 
of 3 °C/min and kept at this temperature for another 3 h 
in Argon environment. Then, KOH (0.15 g) was grinded 
very well with 0.5 g G-C3N4 in a ceramic mortar till the 
mixture become homogeneous, and then heated again at 
730  °C for 2  min. The obtained product washed several 
times with deionized water until neutrality, then sepa-
rated using central centrifuge at 6000 rpm for 6 min and 
dried in oven at 55 °C for 24 h. For a typical assay, a stock 
solution of 100 ppm T/G-C3N4 was prepared by dispers-
ing 10 mg of the final dry powder in 100 mL of deionized 
distilled water under sonication for 6 h. The resulted solu-
tion was kept in a dark place. Scheme 1 depicts the gen-
eral procedures for synthesizing T/G-C3N4 nanosheets.

Fluorescence sensing experiments
The influence of pH on T/G‑C3N4 based fluorescence probe
The effect of pH on the fluorescence intensity of T/G-
C3N4 was tested over a pH range 2–10. The pH for 
all studied solutions was adjusted before starting the 
experiments by adding 50  µL of prepared buffers (see 
Additional file  1: S1) to 300  µL of the T/G-C3N4 solu-
tion (10 mg/L) and then completed to a constant volume 

Scheme 1 General procedure for the preparation of T/G‑C3N4 nanosheets
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(10  mL) with deionized water. The mixtures were vor-
texed for 5  min and after equilibration, the fluorescent 
intensity signals were collected at an excitation wave-
length of 290 nm and excitation and emission slit widths 
of 5 nm. The fluorescence stability T/G-C3N4 probe over 
time was also investigated by detecting the change in the 
fluorescence intensity of 5 ppm T/G-C3N4 solution every 
week over 1 month.

Detection of different metal ions using T/G‑C3N4
For  Hg2+ detection, 50 µL of phosphate buffer (pH 6) and 
300  µL of T/G-C3N4 suspension were added to 20  mL 
glass vial. Then the desired amount of mercury solution 
was added to make the final concentration of Hg(II) rang-
ing from 0.1 to 3.0 ppm at constant volume of 10 mL. The 
mixtures were vortexed for 5  min and after equilibra-
tion, the change in the fluorescence intensity signals was 
detected at 290 nm.

The effect of interfering ions and matrix effect on the 
detection of Hg(II) was also conducted by adding 5 and 
10 ppm of foreign metal ions to 3 ppm of Hg(II) solution 
and recording the change in the fluorescence intensity of 
T/G-C3N4.

Actual sample treatment
To assess the T/G-C3N4 as a probe for  Hg2+ in real sam-
ples, tuna and mackerel fish were utilized. The samples 
were digested using concentrated  HNO3 (69–70%). 5 g of 
fish sample were dried at 70 °C for 5 h then crushed in a 
mortar for this purpose. The crushed sample was placed 
in an open beaker containing 95 mL of pure  HNO3 was 
added. The resulting mixture was heated and stirred for 
1  h at 40  °C, and treatment continued for a further 3  h 
at 150  °C. The obtained mixture was allowed to cool to 
room temperature and then filtered to remove the undis-
solved tissues. The filtrate was utilized for the detection 
of the  Hg2+ after the adjustment of the solution pH to 6 
using NaOH (5 M).

Computational approach
Investigation of the geometry of synthesized T/G-C3N4 
nanosheets can be achieved by using Gaussian 09 pro-
gram package. As the quantum calculations and elec-
tronic properties of the prepared polymer were optimized 
in the presence of density functional theory (DFT) level, 
using the B3LYP/6-31 G (d to p) as the basis set (Abdal-
lah et  al. 2022). The optimum molecular geometry and 
electrostatic potential surface (ESP) of the synthesized 
T/G-C3N4 (represents as monomer) are shown in Fig. 1A 
and Additional file  1. Whereas, the electrostatic poten-
tial map illustrates distribution regions of electron defi-
ciency and surplus electron density, and this explanation 
of increasing the fluorescence stability of the synthesized 

T/G-C3N4 network due to having more nitrogen atoms 
acts as dentate atoms participating in coordination with 
 Hg2+. Meanwhile, the presence of a huge hole between 
the poly functionalized dicyclic triazino rings (triazine 
with nitrogen atom ring junction) and tricyclic triazine 
ring indicates that probability of metal ions in this region 
increases extremely (Ramki et al. 2019).

In addition, energy calculations of frontier molecu-
lar orbitals (HOMO and LUMO) are essential param-
eters in quantum computational studies. Whereas, the 
HOMO level (π-donor) is for the most part allocated on 
the nitrogen atoms demonstrating the most electron-
egative charge density. On the other hand, LUMO level 
(π-acceptor) indicates the ability of a part of the molecule 
for receiving electrons. The energy gap (EHOMO–ELUMO) 
is a vital stability index in the investigation of the kinetic 
stability and chemical reactivity of the prepared polymer 
(Ghaith et al. 2020). Additionally, the low value of energy 
gap of the synthesized molecule (− 3.173  eV) could be 
attributed to the incorporation of the triazine monomers 
into the poly functionalized conjugated polymer (Al-Assy 
et  al. 2013), representative molecular orbitals (HOMO, 
LUMO and HOMO–LUMO) were presented in Fig. 1B.

Results and discussion
Characterization of G‑C3N4 and T/G‑C3N4 nanosheets
To prove the successful functionalization of G-C3N4 by 
KOH treatment at high temperature for 2 min, different 
analytical means were employed including FTIR, XRD, 
XPS, and SEM. FTIR spectra of G-C3N4 and T-G3N4 
were collected and presented in Fig. 2. In the FTIR spec-
tra of G-C3N4 and T-G3N4, the peaks that appeared in the 
range of 1100–1700  cm−1 are owing to the stretching of 
NCN heterocycles in the ‘‘melon” framework. The peak 
at 808  cm−1 is characteristic for the bending vibration of 
heptazine rings (Yang et al. 2019). These results revealed 
that the basic chemical structure of carbon nitride was 
kept constant after treatment with KOH at high tem-
perature. Regarding to the FTIR spectrum of T-G  C3N4, 
a new peak observed at 2169   cm−1 can be attributed to 
the stretching vibration of cyano groups (CN). This CN 
groups are formed as a results of the partial deprotona-
tion of ‘‘melon” units by KOH treatment at high tem-
perature (Zhang et  al. 2018). Furthermore, an increase 
in the intensity of peaks at 3300–3550  cm−1, that can be 
attributed to the stretching vibrations of OH groups and 
confirms that the number of OH groups increased on the 
surface of graphitic carbon nitride after KOH treatment. 
Whereas the decrease in the intensity of peaks located 
between 300 and 3300  cm−1, attributed to the stretching 
vibration of  NH2 groups, indicates the partial deproto-
nation of  NH2 groups and the formation of NHx groups 
(Zhang et al. 2018). These results clearly confirmed that 
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the surface of graphitic carbon nitride was modified by 
new functional groups (cyano, OH and  NHX groups) by 
KOH treatment at 730 °C. It should be noted that KOH 
has a melting point of roughly 360 °C. KOH after fusion 
can release the –OH during the fast heat treatment pro-
cess at 730  °C, which may combine with amine groups 
to produce the cyano and NHx groups. In addition, the 
released –OH can capture a proton from the tri-s-tria-
zine units of G-C3N4, revealing more nitrogen sites and 
functionalizing the surface of G-C3N4 with amine and 
hydroxyl groups (Li et al. 2016).

The XRD pattern of G-C3N4 and KOH treated G-C3N4 
at high temperature are shown in Additional file  1: Fig. 
S2. The native G-C3N4 showed two characteristic peaks. 
A strong diffraction peak at 2θ value 27.64°, this can be 
attributed to the (002) diffraction planes of the graphite-
like carbon nitride and correspond to the stacking inter 
planar peaks characteristic to aromatic systems. The 
second small angle peak at 13.02°, is indexed as (100) 
interlayer stacking. Conversely, the XRD pattern of KOH 

treated G-C3N4 (at 730 °C for 2 min) exhibited a decrease 
in the intensity of peak at 2θ value 27.64° (Jiang et  al. 
2020). The most acceptable explanation of this matter 
is the partial decomposition of the network of G-C3N4 
upon KOH treatment, resulting in the functionalization 
of graphitic carbon nitride surface with –OH, and  NHX 
groups (Jiang et al. 2020).

The surface functionalization of graphitic carbon 
nitride nanosheets was also evident in the XPS measure-
ment. Additional file 1: Fig. S3A and B displays the XPS 
survey spectrum of G-C3N4 and T/G-C3N4 nanosheets. 
The results display an increase in the intensity of C1s 
peak and a decrease in the intensity of N 1s peak with 
a new peak attributed to O 1s in the T/G-C3N4 survey 
scan, further proving the introduction of more oxygen-
containing functional groups on the graphitic carbon 
nitride surface after rapid KOH treatment at 730  °C for 
2 min. Furthermore, the surface elements including C, N 
and O were detected (Additional file 1: Table S1). The C 
content of G-C3N4 (45.98%) was lower than T/G-C3N4 

Fig. 1 A The optimum geometry and electrostatic potential map for structure. B Spatial distribution of calculated HOMO and LUMO orbitals of the 
synthesized T/G‑C3N4 nanosheets
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(58.23%) and the O content of T/G-C3N4 (11.55%) was 
higher than G-C3N4 (2.62%).

The grafting of the OH, O=CN,  NH2, and CN groups 
above the surface of T/G-C3N4 nanosheets, as described 
below, is further supported by detailed analyses of the 
XPS spectra of T/G-C3N4. The C 1s spectrum of G-C3N4 
(Fig.  3A) is divided into three peaks with binding ener-
gies of 284.28 eV (C in –C=C–, –C–C– bonds), 287.4 eV 
(C in C–N–C bond), and 287.8  eV (C in C=N– of the 
triazine ring) (Qiao et al. 2015; Wei et al. 2018; Yu et al. 
2017). However, the high resolution of C 1s spectrum 
related to T/G-C3N4 (Fig. 3B) can be divided into three 
peaks at 287.5  eV (C in N–C=O or –C=N–), 285.4  eV 
(C in CN or C–O bonds), 284.38 eV (C in –C=C– bond) 
(Qiao et  al. 2015; Wei et  al. 2018; Yu et  al. 2017). The 
successful grafting of the OH and CN, N–C=O groups 
in T/G-C3N4 is also indicated by the N 1s (Fig. 3C) and 
O 1s (Fig.  3D). The N 1s spectrum can be divided into 
three peaks 398.3 eV (N in C–N=C of tri-s-trazine rings), 
399.9 eV (N in N–(C)3) of sp3-hybridized nitrogen in tri-
s-trazine rings and 400.7 eV (N in –NH bonds of amine 
functional groups) (Qiao et al. 2015; Yu et al. 2017). These 
results revealed that the OH released via KOH treatment 
can uptake proton on the tri-s-trazine rings leading to 
the formation of amino and cyano groups. Additionally, 
The high resolution of O 1s spectrum (Fig.  3D) can be 

divided into two peaks 532.18  eV (O in  H2O physically 
adsorbed onto graphitic carbon nitride sheets), 529.81 eV 
(O in –OH bonds), confirming the effect of KOH treat-
ment on increasing the number of grafted OH groups on 
the surface of graphitic carbon nitride sheets (Wei et al. 
2018). The FTIR and XPS spectra provide a convincing 
proof that the graphitic carbon nitride nanosheets were 
successfully functionalized after quick KOH treatment at 
730 °C.

Figure 4 shows the SEM images of G-C3N4 (A and B) 
and T/g-C3N4 (C and D). As compared to that of pristine 
G-C3N4, SEM images of T/G-C3N4 display that graphitic 
carbon nitride sheets becomes smaller and thinner, as 
well as without surface agglomeration indicating the suc-
cessful cracking and exfoliation of large graphitic car-
bon nitride sheets upon alkaline treatment with KOH at 
730 °C for 2 min. This means that the number of available 
binding active sites on the surface of graphitic carbon 
nitride increased by KOH treatment at 730 °C for 2 min 
(Wang et al. 2020).

The UV–Vis absorption spectra of pure G-C3N4 and 
T/G-C3N4 in water are shown in Additional file  1: Fig. 
S4A. The charge transfer from a populated valence band 
of nitrogen atoms (2p orbitals) to a conduction band of 
carbon atoms (2p orbitals) of carbon nitride results in an 
absorption spectrum between 220 and 450 nm, as shown 

Fig. 2 FTIR spectra of G‑C3N4, and T/G‑C3N4 nanosheets
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Fig. 3 XPS high resolution spectra of C1s in G‑C3N4 (A), C1s in T/ G‑C3N4 (B), O 1s in T/G‑C3N4 (C) and N 1s in T/G‑C3N4 (D)

Fig. 4 SEM images of G‑C3N4 (a, b), and T/ G‑C3N4 (c, d)
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by the two spectra (Bakry et al. 2022). A peak at 320 nm 
assigned to n–π* transitions caused by the electron trans-
fer from a nitrogen nonbonding orbital to an aromatic 
anti-bonding orbital (Awad et  al. 2020). Additionally, 
the rapid KOH heat treatment can slightly weaken the 
connection between C and N in the “melon” structures. 
Therefore, the absorption band resulting from n–π* 
transition was reduced. Whereas the absorption band 
observed at 288 nm represented a π–π* transition of the 
C=N as polarizable sensing sites in the heptazine units 
(Awad et  al. 2020; Bakry et  al. 2022).The fluorescence 
emission spectrum of T/G-C3N4 is shown in Additional 
file  1: Fig. S4B. Wavelength was changed from (250–
300 nm) to investigate the excitation dependent emission 
of the T/G-C3N4 as the maximum emission intensity of 
the T/G-C3N4 was attained at 377 nm (λmax = 290 nm).

Fluorescence studies
Studying the effect of pH on the emission fluorescence 
intensity of T/G-C3N4 was investigated. It is well known 
that probes used in biological and environmental appli-
cations should have a wide pH viable range. Additional 
file  1: Fig. S5 illustrates how pH affects the T/G-C3N4 
probe. The results revealed that T/ G-C3N4 can be uti-
lized as a probe across a wide pH range from pH 6 to 
pH 10 because these pH values have a little effect on 
the emission intensity of the probe, whereas this inten-
sity decreases sharply in the pH range of 2–5. The T/G-
C3N4 probe’s long-term stability was also investigated. 
The T/G-C3N4 dispersion was kept in a brown flask and 
stored in dark at room temperature. The intensity of 
T/G-C3N4 has slightly changed, but not by more than 
4.0%, despite being stored for more than 30 days.

To determine T/G-C3N4 capacity as a probe for  Hg2+ 
detection. Figure 5A demonstrates how the introduction 
of the  Hg2+ ion at pH 6 (phosphate buffer) significantly 
reduced the T/G-C3N4 fluorescence emission intensity, 
confirming that  Hg2+ can efficiently quench the fluores-
cence of T/G-C3N4 nanosheets. The high tendency of 
mercury ions to form stable complexes with N-donors 
and the subsequent electron transfer from T/G-C3N4 to 
the complexed form with mercury can be used to explain 
the quenching of fluorescence emission caused by the 
 Hg2+ ion (Afshani et  al. 2017). Figure  5A showed that 
as  Hg2+ concentration was increased from 0 to 3.0 ppm, 
the fluorescence emission intensity of T/G-C3N4 at 
377 nm (λmax290 nm) steadily reduced until it completely 
quenched at 3 ppm  Hg2+.The increased affinity and fast 
chelating kinetics of  Hg2+ with the  NH2, CN, C=N, and 
OH groups on the surface of alkali treated graphitic car-
bon nitride explained the high sensitivity of T/G-C3N4 
towards the  Hg2+ ions. Additionally,  Hg2+ ions are will-
ing to bind to the T/G-C3N4 surface, as it has many free 

electrons. Typically, in T/G-C3N4, electrons get excited 
then transfer from the valence band (VB) to the con-
duction band (CB). Then, after the interactions between 
T/G-C3N4 and  Hg2+, these excited electrons transfer 
from the CB of T/G-C3N4 to the LUMO of the cations. 
Consequently, the fluorescence is quenched as a result 
from the recombination of photo induced electron-holes 
(Azimi et  al. 2019). Figure  5B displays a linear relation-
ship between  Hg2+ concentration and emission inten-
sities, (I/I0 is dependent on  Hg2+ ion concentration; 
R2 = 0.9908), where I and I0 are the fluorescence inten-
sities in the presence and absence of  Hg2+, respectively. 
The T/G-C3N4 is appropriate as a sensitive detection 
probe for mercury ions, as the detection limit is sug-
gested to be 27  nM. The constructed T/G-C3N4 probe 
is thought to be a promising probe for detecting  Hg2+ 
in various water samples since it has a wide linear range 
and good linear relation when compared to previously 
reported probes in the literature.

Time-dependent fluorescence quenching of T/G-C3N4-
Hg2+ solution was investigated. The fluorescence quench-
ing increased with increasing reaction times between 
 Hg2+ and T/G-C3N4, as seen in Additional file  1: Fig. 
S6. According to Additional file  1: Fig. S6, the reaction 
between T/G-C3N4 and  Hg2+ takes 5 min to complete.

Selectivity is a crucial factor in determining the effec-
tiveness of T/G-C3N4 as a probe for  Hg2+ ions. In order 
to investigate the selectivity of T/G-C3N4 probe towards 
 Hg2+, we checked the change in fluorescence emission 
intensity in the presence of other metal ions under the 
same conditions. As shown in Fig. 5C, The fluorescence 
emission of T/G-C3N4 quenched by the addition of  Hg2+ 
only (about 100% quenching happened after the addition 
of 3.0  ppm  Hg2+ in phosphate buffer pH 6); no signifi-
cant quenching effect was seen after the addition of other 
metal ions  (Na+,  Ag+,  Ca2+,  K+,  Mg2+,  Fe2+,  Fe3+,  Ni2+, 
 Pb2+,  Co2+,  Cd2+,  Zn2+, and  Cu2+). Due to the unshared 
electrons of the nitrogen atoms in the heptazine unit of 
T/G-C3N4,  Hg2+ has a stronger tendency to coordinate 
with it (Awad et  al. 2020; Patel and Kailasa 2022). Mer-
cury ions can effectively quench the fluorescence inten-
sity of T/G-C3N4 via electron transfer mechanisms.

The influence of other metal ions (interfering ions) 
that coexist with mercury ions in real samples on the 
fluorescence emission intensity of T/G-C3N4 probe 
was tested and the results are in Fig.  5D. The results 
revealed that the emission intensity of T/G-C3N4 
remained unchanged in the presence of other metal 
ions, indicating that mercury ions have a higher affin-
ity for binding with the OH,  NHX groups and hepta-
zine units on the surface of T/G-C3N4 than other metal 
ions (Awad et al. 2020; Azimi et al. 2019; El-Wakil et al. 
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2022). The capacity of T/G-C3N4 to bind with several 
metal ions, including  Hg2+ ions,  Na+,  Ag+,  K+,  Ca2+, 
 Fe2+,  Fe3+,  Mg2+,  Ni2+,  Co2+,  Pb2+,  Cd2+,  Zn2+, and 
 Cu2+, presented an elective response towards mer-
cury ions. The addition of  Hg2+ to T/G-C3N4 probes 
containing different concentrations of interfering ions 
caused a considerable change, as seen in Fig. 5D, dem-
onstrating that the T/G-C3N4 has a higher binding 
affinity for  Hg2+ than other metal ions at pH = 6. All of 

the obtained results revealed that T/G-C3N4 is highly 
selective and sensitive for the detection of mercury ions 
in aqueous media.

Actual sample analysis
To check the usability of the proposed nanoprobe, it was 
important to use the T/G-C3N4 probes in detecting and 
quantifying  Hg2+ ions in some food samples. The influ-
ence of adding solutions made up from commercially 

Fig. 5 A Fluorescence emission spectra of T/G‑C3N4 in 0.01 M phosphate buffer (pH = 6.0), with  Hg2+ at various concentrations (0–3.0 ppm), 
T/G‑C3N4 at 3.0 mg/L, reaction time at 5 min, and excitation at 290.0 nm. B The linear relationship between  Hg2+ concentration and emission 
intensities. C Selectivity of T/G‑C3N4 (3.0 mg/L) for various metal ions at a concentration of 3.0 ppm (where I and I0 represent the fluorescence 
intensities of T/G‑C3N4 in the presence and absence of metal ions, respectively) and the red colored atoms refer to the new bonds (OH,  NH2,  NHX, 
and CN groups) formed onto the surface of G‑C3N4 due to the partial deprotonation of melon units after thermal alkali treatment. D Fluorescence 
responses of T/G‑C3N4 to competing metal ions (5.0 mg/L) black bars to  Hg2+ ions (3.0 ppm, red and blue bars), in 0.01 M phosphate buffer 
(pH = 6.0), T/G‑C3N4 = (3.0 mg/L), excitation at 290 nm)
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available mackerel and tuna fish samples (collected 
from local market) on the emission profile of the T/G-
C3N4 was investigated (Additional file  1: Fig. S7). Labo-
ratory solutions of mackerel and tuna fish were made, 
as mentioned before in the experimental part, and the 
appropriate amounts of each solution were added to the 
T/G-C3N4 solution. The quenching in the fluorescence 
emission intensities of T/G-C3N4 was then measured, 
and this information was used to determine the concen-
tration of  Hg2+ ions in the initial unknown solutions. 
Table 1 shows the results obtained using T/G-C3N4 probe 
and ICP-AES method. The obtained data confirm that 
the prepared T/G-C3N4 can be used as a selective  Hg2+ 
probe in representative environmental samples.

Comparison of detection limits
A comparison to the previously reported probes in the 
literature (Additional file  1) has been made to illustrate 
the remarkable sensitivity and selectivity of the developed 
probe, the relevant data are presented in Additional file 1: 
Table  S2. Among the different fluorescent probes, the 
developed environmental probe exhibited a good linear 
relation and wide linear range. Consequently, T/g-C3N4 is 
recognized as a sensitive, selective, cost effective, and use-
ful platform for detection of  Hg2+ in water samples.

Conclusions
In conclusion, we have demonstrated the viability of 
employing graphitic carbon nitride nano sheets function-
alized with –OH and –NHx groups through a rapid KOH 
heat treatment method as a highly efficient probe for  Hg2+ 
detection. FTIR, UV–Vis, XRD, XPS, and fluorescence 
spectra were used to analyze the surface morphology and 
structure of the T/G-C3N4. Based on the quenching effect, 
the T/G-C3N4 showed a linear response with  Hg2+ over 
concentration range 0–1.25 ×  103  nM; the detection limit 
was 27 nM. T/G-C3N4 probe displayed remarkable sensi-
tivity and selectivity for  Hg2+ owing to the presence of the 
 NH2, CN, C=N, and OH groups of T/G-C3N4 nanosheets 
which have a high binding affinity with  Hg2+. The devel-
oped T/G-C3N4 probe, on the other hand, exhibits strong 
anti-interference performance against 11 different types 
of coexisting cations. The prepared T/G-C3N4 probe also 

displayed a wide pH viable range, remarkable photo sta-
bility, and outstanding long-term fluorescence stability 
(> 30 days). Moreover, the analysis of real samples showed 
that our proposed T/G-C3N4 probe had a good potential 
for measuring  Hg2+ concentration in food samples (tuna 
and mackerel fish). These findings demonstrated that the 
developed environmental probe is a low-cost, effective, and 
useful platform for selective and rapid monitoring of mer-
cury ions in the environment.
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