
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11356-022-21844-0

RESEARCH ARTICLE

Ecofriendly adsorption and sensitive detection of Hg (II) 
by biomass‑derived nitrogen‑doped carbon dots: process modelling 
using central composite design

Mohammed Abdullah Issa1,2   · Hamid Zentou3 · Zaid H. Jabbar4 · Zurina Z. Abidin2 · Haninah Harun2 · 
Noor Amirah Abdul Halim5 · Mohammed M. Alkhabet6 · Musa Y. Pudza2

Received: 16 May 2022 / Accepted: 30 June 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
In this study, luminescent bio-adsorbent nitrogen-doped carbon dots (N-CDs) was produced and applied for the removal and 
detection of Hg (II) from aqueous media. N-CDs were synthesized from oil palm empty fruit bunch carboxymethylcellulose 
(CMC) and urea. According to several analytical techniques used, the obtained N-CDs display graphitic core with an average 
size of 4.2 nm, are enriched with active sites, stable over a wide range of pH and have great resistance to photobleaching. The 
N-CDs have bright blue emission with an improved quantum yield (QY) of up to 35.5%. The effect of the variables includ-
ing pH, adsorbent mass, initial concentration and incubation time on the removal of Hg (II) was investigated using central 
composite design. The statistical results confirmed that the adsorption process could reach equilibrium within 30 min. The 
reduced cubic model (R2 = 0.9989) revealed a good correlation between the observed values and predicted data. The optimal 
variables were pH of 7, dose of 0.1 g, initial concentration of 100 mg/L and duration of 30 min. Under these conditions, 
adsorption efficiency of 84.6% was obtained. The adsorption kinetic data could be well expressed by pseudo-second-order 
kinetic and Langmuir isotherm models. The optimal adsorption capacity was 116.3 mg g−1. Furthermore, the adsorbent has 
a good selectivity towards Hg (II) with a detection limit of 0.01 μM due to the special interaction between Hg (II) and car-
boxyl/amino groups on the edge of N-CDs. This work provided an alternative direction for constructing low-cost adsorbents 
with effective sorption and sensing of Hg (II).
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Introduction

Environmental contamination by heavy metals due to rapid 
global industrialization has become a prominent issue. 
In specific, mercury ion is one of the greatest poisonous 

contaminants that exist throughout the environment (Lee 
and Lee 2012; Naushad et al. 2016). With the character 
of series toxicity and bioaccumulation, mercury can enter 
into the food chain throughout air, soil and water. It has 
been reported that Hg (II) can cause many health problems 
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including nervous system damage, liver failure, and brain 
disorder. According to the Environmental Protection Agency 
(EPA) and World Health Organization (WHO), the maxi-
mum allowable dose of Hg (II) in drinking water is 0.01 
and 0.02 μM, respectively (Omer et al. 2019). Therefore, 
the separation and detection of Hg (II) from water samples 
is still a significant and challenging for the area of water 
quality.

To date, many routines have been applied for the determi-
nation of Hg (II) from aqueous media such as atomic absorp-
tion spectrophotometry, inductive-coupled plasma mass 
spectrometry (Jarzynska and Falandysz 2011), molecular 
absorption spectrophotometry (He et al. 2017), and elec-
trochemical techniques (Kallithrakas-Kontos and Foteinis 
2015). Nevertheless, these methods need sophisticated 
instrumentation, complex materials fabrication, time-con-
suming approaches, and trained personnel, which hindered 
their practical applications in the monitoring of Hg (II). 
Among these protocols, adsorption is considered the most 
convenient routes on basis of low-cost materials and easy 
operation in case that the adsorbent is accurately selected.

Over the last decades, fluorescent nanoparticles have 
gained extensive focusing as an adsorbent for heavy metal 
ions due to their high surface area, good chemical stability, 
and efficient adsorption capacity (Zeng et al. 2021). As one 
of the promising fluorescent carbon-based nanomaterials, 
carbon dots (CDs) have currently gathered a significant sci-
entific attention for their spectacular characteristics such as 
biocompatibility, photoluminescence, and wide variety of 
carbon precursors used (Issa et al. 2020a). CDs typically 
composed of graphitic or amorphous carbon core attached 
to multiple functionalities with respect to production condi-
tions and surface chemistry (Liu et al. 2017). These novel 
features make CDs superior in the functions of wastewater 
remedy, photocatalysts, COVID-19 diagnostic, and chemical 
detection (Meiling 2017; Li and Dong 2018; Sun and Lei 
2017; Łoczechin et al. 2019; Ortega-Liebana et al. 2017; 
Ren et al. 2017).

Recently, different biomass-derived precursors, includ-
ing cellulose have been used as lone raw materials for the 
synthesis of CDs (Kavitha and Kumar 2018; Hu et al. 2013; 
Mohapatra et al. 2015). However, the relatively weak lumi-
nescence of CDs affects higher sensitivity and thus hindered 
their applied functions. To solve these matters, much efforts 
have been employed to improve the quantum yield (QY) of 
CDs via doping the latter with non-metal species. In par-
ticular, N-agents drawn the interest of researchers as it can 
improve the PL emission via manipulating the upward shift 
of the Fermi level (Arul and Sethuraman 2018; Li and Dong 
2018). In spite of the great physiochemical properties of 
nitrogen-doped CDs (N-CDs), the reported contexts still 
shows several drawbacks such as long duration synthesis 
process, weak QY and low sensitivity (Abdullah Issa et al. 

2019; Dou et al. 2015; Jayaweera et al. 2019b; Liang et al. 
2014; Shen et al. 2016; Wu et al. 2017b). Since the final 
production of N-CDs is dependent on the precursor’s selec-
tion and productions conditions, it would be sensible to find 
a particular technique towards simplicity, low energy con-
sumption, and more selectivity and sensitivity.

In this context, we developed N-CDs from EFB carboxy-
methylcellulose as a main carbon sources with the assistance 
of urea for short-time monitoring and removal of Hg (II) 
from wastewater. EFB carboxymethylcellulose are abundant 
with ether and hydroxyl moieties. These functional species 
could rise the substitution reaction resulting to the formation 
of CDs in rapid synthesis process. The obtained N-CDs with 
the optimal QY was further measured using different analyti-
cal techniques. The influence of pH, N-CDs dose, initial Hg 
(II) concentration, and incubation time on the adsorption of 
Hg (II) onto N-CDs were investigated via central composite 
design. The adsorption isotherms and kinetic models were 
further examined. Moreover, the adsorbent was employed 
as nanoprobes for Hg (II) detection and fruitfully applied 
in real water. The Hg (II) sorption and fluorescence sensing 
mechanism was also elaborated.

Experimental

Materials

CMC of oil palm empty fruit bunch (EFB) of were obtained 
from Waris Nove Company, Malaysia. Urea and quinine 
sulfate were purchased from Sigma-Aldrich (USA). Deion-
ized water (DI) has been utilized in the entire work. All the 
analytical-grade chemicals were used as received without 
any modifications.

Preparation of N‑CDs

0.2 g of fine CMC and a rational weight of urea (depending 
on CCD matrix) were mixed with 25 ml of DI water. After 
that, the mixture was relocated to a 50 ml sealed stainless-
steel reactor and heated in an oven at 270 ◦C for 2 h. The 
resulted mixture was cooled down naturally and then cen-
trifuged at 10,000 rpm for 12 min to eliminate bulk size 
materials. The final solution was then placed into 0.22 µm 
of vacuum filtration and 1 kDa dialysis membrane to obtain 
homogenous nano-sized particles.

Characterization of adsorbent

Transmission electron microscopy (TEM) and high-res-
olution TEM (HRTEM) readings were analyzed via A 
Tecnai G2 F20 electron microscope, with an accelera-
tion voltage of 200 kV. X-ray powder diffraction (XRD) 
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was carried out using PANalytical diffractometer with 
Cu–Kα radiation. The Fourier transform infrared (FTIR) 
(Thermo Nicolet FT-IR spectrometer of 4 cm−1 resolu-
tion) was performed with KBr as a standard within the 
range from 650 to 4000 cm−1. X-ray photoelectron spec-
tra (XPS) (Physical Electronics PHI 5400 spectrometer, 
Mimos Semiconductors, Malaysia) were carried out by 
Al–Ka radiation ( h� = 1486.6 eV). Prior to de-convolu-
tion, charge correction was integrated at C1s by setting 
binding energies of C–C and C–H at 284.8 eV. The pH 
values were measured via a PB-10 pH-meter (Beijing Sar-
torius Instruments Co. Ltd., China). UV–Vis spectra of 
experimental runs were measured by Shimadzu UV-1800 
Spectrophotometer. Luminescence survey were recorded 
in quartz cuvettes with 1 cm path length using LS 55 
Luminescence Spectrometer (PerkinElmer, USA) at scan 
rate, excitation and emission slit width of 240 nm/min, 
15 nm and 5 nm, respectively.

Batch studies

Batch adsorption tests were employed to explore the Hg 
(II) adsorption onto N-CDs. All tests were performed at 
ambient temperature by adding different mass of adsor-
bent selected by experimental design to flasks involv-
ing 25 ml of Hg (II) initial concentration at various pH 
and incubation time. A specific amount of copper nitrate 
was mixed with DI water to prepare 1000 ppm of stock 
solution. Based on standard dilution methods, different 
adsorbate concentrations were prepared by diluting the 
Hg stock solution with DI water. The experimental runs 
were then centrifuged at 2000 rpm and the residual Hg (II) 
concentration was determined from the supernatant using 
an atomic absorption spectrophotometer.

The equilibrium uptake qe (mg/g) and removal efficiency 
(R%) were computed using the equations below:

where Co and Ce (mg L−1) are the initial and equilibrium 
concentrations of adsorbate in solution, correspondingly, 
V (L) is the volume of Cu solution used, and m (g) is the 
weight of the adsorbent.

For isotherms studies, tests were carried out at ambient 
temperature using ideal pH, dosage and incubation time 
achieved by the RSM with varying Cu concentrations. The 
kinetic survey was conducted at optimal variables, in which 
the Hg concentration was recorded after a certain period (t) 
of adsorption.

(1)qe =
(Co − Ce)v

m

(2)Adsorption (%) =
Co − Ce

Co
× 100

Experimental design

In order to study the effect of the variables (pH, adsorbent 
dose, contact time, and initial concentration) on the removal 
of Hg (II), experiments were examined via RSM. Central 
composite design (CCD) which is utmost commonly utilized 
procedure of RSM was facilitated to study the optimization 
conditions, interaction and the main influence of the process-
ing variables. Prior to designing the overall matrix, an initial 
screening experiment was conducted to select the working 
ranges of each factor. The input variables were set at three 
practical levels (− 1, 0, + 1) describing the lowest, center and 
highest values, respectively. The experimental ranges and 
the levels of the independent factors for Hg (II) ion removal 
via N-CDs are represented in Table S1. CCD includes 24 
factorial matrix with the full 27 experimental runs, involving 
18 factorial points, 6 axial points, and 3 replications at the 
center point. The dependency of removal process to four fac-
tors were expressed via the second-order polynomial model:

where Y represents the Hg (II) removal efficiency, β0 is the 
constant for the model, βi, �ii , and �ij indicate the coefficient 
of the linear, quadratic and interaction effect, respectively, 
xi and xj express the coded value of factors, and ε is the 
residual related to the runs. To assess the importance of each 
variable, their interaction and accuracy of the constructed 
model, the analysis of variance (ANOVA), F-test, and coef-
ficient determination (R2) was statistically established. The 
design of Experts software 10.0 was employed to assess the 
outcome and experimental data. The CCD experimental 
matrix of the actual obtained response is shown in Table S2. 
Further elaboration on the statistical analysis was explained 
in our previous published works (Issa et al. 2020b).

Results and discussion

Physical properties of N‑CDs

The TEM image in Fig. 1a indicates that the obtained N-CDs 
are spherical with good dispersion and uniform in size. The 
HRTEM image (inset of Fig. 1a) reveals that N-CDs had 
lattice fringes of 0.24 nm, attributing to the the (102) facet 
of graphite, suggesting the formation of the crystalline core. 
The dynamic light scattering (DLS) histogram (Fig. 1b) 
exhibit a narrow size distribution with an average diameter 
of 4.2 ± 0.2 nm. Based on XRD analysis, these nanodots 
shows a diffraction peak at 2Ɵ of 23.8° assigned to the (002) 
lattice spacing of graphitic-like carbon, in line with else-
where studies (Rosa et al. 2018; Wang et al. 2017a; Wu et al. 
2017a; Zhou et al. 2017).

(3)Y = �0 +
∑k

i=1
�ixi +

∑k

i
�iix

2

i
+
∑k

1≤i≤j
�ijxixj + �
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Chemical properties of N‑CDs

The XPS was employed to study the chemical edge struc-
ture of N-CDs. The XPS spectrum of CMC reveals the 
presence of C1s and O1s (Fig. 2a). Meanwhile, N-CDs 
displayed C1s, N1s and O1s, indicating that these gra-
phitic nanodots are abundance with N. It is worth men-
tioning that the intensity of the as-formed N-CDs was 
apparently higher than that of CMC, suggesting the 
good surface oxidation degree. The high-resolution XPS 

survey of C1s (Fig. 2b) resolved C–C, C–N, C–O, and 
C = O at 284.6, 285.5, 287.4, and 287.9 eV, respectively. 
The highest peak of sp2 conjugated C–C (52.4%) implies 
the effective graphitization domain (Issa et al. 2019). 
The N1s band (Fig. 2c) displays multiple peaks at 398.8, 
399.7, and 400.8 eV ascribed to graphitic N, pyridinic 
N and N–H respectively, infers the fruitful N-doping of 
CDs. Two peaks at 530.7 and 531.9 eV attributing to 
O–H and C = O, respectively were presented in the O1s 
spectrum (Fig. 2d).

Fig. 1   a TEM image of N-CDs 
(inset HRTEM image), b 
particle size distribution, c XRD 
patterns
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The equivalent elemental structures are outlined Table S3. 
The atomic ratio of C, N and O is 67, 12, and 21, respec-
tively, emphasizing the fruitful coating of N-molecule into 
the hybridized carbon domain of CDs. These atoms can 
manipulate the electronic nature, edge chemical properties, 
and PL intensity, which are essential for the selective and 
sensitive detection and removal of cationic ions from waste-
water (Issa and Abidin 2020).

The Raman spectrum (Fig. 2e) presented multiple vibra-
tional peaks at 1295 and 1640 cm−1, and these were assigned 
to the disordered (D) at the edge and graphitic (G) sheets of 
sp2 C molecules, respectively. The lower intensity peak for D 
band confirms the high crystallinity and graphitization index 
of the synthesized N-CDs (Jlassi et al. 2020). This can be 
clearly observed in the higher intensity of G band in contrast 
to that of D band. To compare the structural order between 
crystalline and amorphous network, the intensity ratio of 
IG/ID is typically used (Online et al. 2014). In this work, 
the ratio of IG/ID is determined to be 1.1, implying the con-
struction of N-CDs with excellent graphitization index and 
graphitic-like stacking frameworks, in line with the observa-
tions of HRTEM, XRD and XPS (Huang et al. 2014).

Further support about the surface functionalities was con-
ducted via FTIR. As presented in Fig. 2f, absorption peak at 
3381 cm−1 is assigned to stretching vibration of N–H/O–H. 
Meanwhile, peaks placed at 2125  cm−1 and 725  cm−1 
assigned to C–H stretching and bending vibrations, respec-
tively (Sachdev and Gopinath 2015; Liu et al. 2016; Wu 

et al. 2017b). The stretching vibration at 1641 cm−1 is related 
to C = O, infers the existence of COOH moieties (Wang et al. 
2017a). Moreover, the bending vibration of C–O and C–O–C 
appeared at 1046 and 1017 cm−1, respectively, verifying the 
formation of carbon-based oxidized species (Ortega-Liebana 
et al. 2017; Wang et al. 2017a). Furthermore, the presence of 
N–H species confirmed the successful co-doped of urea into 
the final domains of N-CDs as a result of sequential dehy-
dration and passivation reactions (Rosa et al. 2018; Sachdev 
et al. 2014). This proves the fabrication of CDs incorporated 
with N, in line with data obtained from XPS.

Optical properties of N‑CDs

Optical characteristics of the CDs were studied via 
absorption and PL emission spectra. As displayed in 
Fig. 3a, the UV–Vis spectrum of the prepared N-CDs 
exhibits two absorption peaks cantered at 294 and 
350 nm. These characteristics was possibly ascribed to 
the π → π* and n → π* shift of C = C and C–O, respec-
tively. The aqueous solution showed bright blue colour 
while irradiated under 365 nm UV-lamp (Fig. 3a). The 
PL spectra of N-CDs in Fig. 3a shows that the emission 
maxima at 470 nm could be observed with the maximum 
excitation wavelength of 350 nm. An excellent stokes-
shift of 120 nm was obtained, making them superior in 
bioimaging functions (Ren et al. 2017). The PL exci-
tation peak is similar to the peak depicted in UV–Vis 

Fig. 3   a Absorption and PL 
spectra of N-CDs, b PL spectra 
of N-CDs as a function of 
excitation wavelengths (320–
380 nm), c PL spectra of urea, 
and d FWHM and QY versus 
excitation wavelength. The 
inset in a for the corresponding 
image under 365 nm UV light

0

0.2

0.4

0.6

0.8

1

1.2

0

0.02

0.04

0.06

0.08

250 350 450 550 650

N
o
rm

al
iz

ed
 P

L
 i

n
te

n
si

ty
 (

a.
u
.)

A
b

so
rb

an
ce

Wavelength (nm)

Absorbance

Excitation

Emission

400 450 500 550 600

P
L

 i
n

te
n

si
ty

 (
n
o
rm

al
iz

ed
)

Wavelength (nm)

320 nm

330 nm

340 nm

350 nm

360 nm

370 nm

380 nm

400 450 500 550 600

P
L

 i
n

te
n

si
ty

 (
n
o
rm

al
iz

ed
)

Wavelength (nm)

310 320 330 340 350 360 370 380

0

20

40

60

80

100

120

0

10

20

30

40

50

60
Excitation wavelength (nm)

F
W

H
M

 (
n

m
)

Q
Y

 (
%

)

Excitation wavelength (nm)

QY

FWHM

(a) (b)

(c) (d)

86863Environmental Science and Pollution Research (2022) 29:86859–86872



1 3

spectra, indicating that the surface state is key factor for 
both absorption and PL in the N-CDs (Liu et al. 2014; 
Rao et al. 2018). The PL spectra in Fig. 3b displayed 
an excitation-dependence behaviour in which the emis-
sion was slow red-shifted as the excitation wavelength 
increases from 320 to 380 nm. This could be due to the 
size effect, surface state and molecular state, consistent 
with the TEM results and agrees well with the previ-
ous reports in the literature (Liu et al. 2014; Rao et al. 
2018; Zhang et al. 2019). The PL spectra of urea at an 
excitation wavelength of 350 nm is depicted in Fig. 3c. 
No emission peak was noticed after the hydrothermal 
treatment of urea. Inset of Fig. 3c shows that urea does 
not fluoresce under UV excitation source, suggesting that 
urea mainly acts as doping agent to produce CDs from 
the CMC.

The PL spectra in terms of quantum yield (QY) and 
full width at half maximum (FWHM) versus excitation 
wavelength is displayed in Fig. 3d. The QY increases as 
the excitation shifted to longer wavelength, reaching the 
optimal percent of 35.5% at λex = 350 nm. Meanwhile, 
negative effect on the QY was noticed with increasing 
excitation wavelength. In addition, a minimum FWHM 
of 78 nm was noticed when excited at 350 nm, in which 
further increase or decrease in the excitation wavelength 
increases the FWHM value. It is worth mentioning that 
the lower FWHM value obtained, the more suitable of 
CDs to be used in a variety of functions (Wang et al. 
2017b). Based on the above results, there is an obvious 
trade-off between QY and FWHM.

Optimization of synthesis conditions

Since the QY is highly influenced by amino weight, tem-
perature, and time, optimizing all these process condi-
tions to develop N-CDs with best photophysical char-
acteristics is necessary. Firstly, the weight of urea was 
varied and recorded by PL spectra (Fig. 4a, d) while the 
values of other parameters were kept constant at 240 °C; 
1 h and 350 nm for temperature, time and absorbance 
wavelength, respectively. As shown in Fig. 4a, when the 
mass of urea varied from 0.5 to 2%, the PL emission 
first rises and then declines, reaching an optimal at 1%. 
Figure 4d reveals that maximum weight of urea was 1%, 
displaying a QY of 22.85%. The QY of the N-CDs was 
sharply declined when the urea weight was higher than 
1%. Urea can interact with epoxy and carboxyl moie-
ties to create amides and alcohols. The presence of latter 
lead to a multiple emissive trap between π–π* of carbon 
core and thus enhance the luminescence of N-CDs. How-
ever, excessive dose of these moieties may oxidize the 
sp2 domains, increasing the non-radiative recombination 
centers and lower the QY (Rao et al. 2018; Shen et al. 
2016).

The influence of reaction temperature ranging from 
230 to 290 °C was investigated as depicted in Fig. 4b, e. 
The urea weight, time, and absorbance wavelength were 
kept at 1%, 1 h and 350 nm, respectively. At a tempera-
ture ranging from 230 to 270 °C, gradually rises and 
then declines of PL emission was observed, reaching a 
maximum at 270 °C. As presented in Fig. 4e, the QY 

Fig. 4   PL emission spectra and 
QY of N-CDs as a function 
of (a, d) urea weight (b, e) 
temperature, and (c, f) time 
(λex = 350 nm, λem = 466 nm)
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rises first to an optimal value of 31.7% at a temperature 
of 270 °C, followed by a reduction at higher tempera-
ture. This could be due to amino atoms penetration into 
the sp2 core, followed by disorders the hexagonal ring 
framework and forming emissive trap states leading to 
QY enhancement. However, excessive temperature could 
result in the decomposition of organic containing moie-
ties on N-CDs edge.

The influence of time on the PL emission of N-CDs 
were further explored at an optimal urea weight (1%) 
and temperature (270 °C). As shown in Fig. 4c, the best 
reaction time was achieved at 120 min, in which extra 
rise or decline result to apparently PL loss. At an opti-
mal reaction of 120 min, QY of 35.5% could be obtained 
(Fig. 4f). Therefore, based on the above data, the best 
processing variables for N-CDs having the optimal QY 
of 35.5% were 1% of urea mass, 270 °C, 120 min, shown 
to be more effective for producing greater QY of N-CDs 
in contrast to carbon dots obtained by hydrothermal route 
of diverse lignocellulosic wastes (Table 1).

Photostability of N‑CDs

The robustness of the fluorescent probe was studied by 
measuring the stability of the probe under harsh conditions, 
including extreme pH, high physical strength, thermostabil-
ity, and long exposure time. Figure 5a shows that the PL 
emission is stable from pH 3 to 11. This infers the stability 
of the probe under a wide range of pH, which is applica-
ble for most of metal ion sensing. Beyond 11, the emission 
declines due to the formation of anions as a consequence of 
surface chemical changes (Gao et al. 2016; Wu et al. 2017b; 
Yang et al. 2014). The N-CDs showed no significant loss 
in PL emission under high high-salt conditions (1 M NaCl) 
(Fig. 5a). The influence of heating on the PL intensity is 
presented in Fig. 5b. The N-CDs exhibited only 5% reduc-
tion in PL emission after 45 °C. However, PL declined to 
almost 11% with rising temperature up to 65 °C. This could 
be due to precipitation of the N-CDs at higher temperatures 
(Omer et al. 2019). For illumination time, UV-lamp excited 
at 365 nm was used, as presented in Fig. 5b. No apparent 

Table 1   A comparison of 
various cellulose-based 
CDs doped with heteroatom 
for production of CDs via 
hydrothermal method

Type Raw precursors Synthetic route QY Ref

CDs CMC 210 °C, 12 h 6.2% (Jayaweera et al. 2019a)
N-CDs Cellulose, urea 180 °C, 72 h 21% (Shen et al. 2016)
N-CDs CMC, urea 210 °C, 12 h 18% (Wu et al. 2015)
N-CDs CMC, EDA 270 °C, 6 h 22.9% (Abdullah Issa et al. 2019)
N-CDs Microcrystalline cellulose, EDA 240 °C, 12 h 51% (Wu et al. 2017b)
N/Al-CDs Durian shell cellulose, urea, Al(NO3)3 210 °C, 12 h 28.7% (Jayaweera et al. 2019b)
N-CDs Durian shell cellulose, urea 210 °C, 12 h 10.4% (Jayaweera et al. 2019b)
S-CQDs Cellulose, sulfuric acid 200 °C, 4 h 32% (Yang et al. 2016)
N-CDs CMC, urea 270 °C, 2 h 35.5% This work
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loss in PL intensity (only 3%) was observed after 25 min 
of exposure, implying the good resistant to photobleaching. 
The above observations suggest the feasibility of using these 
commercial nanoprobes in a variety of applications.

Optimization of adsorption variables

Central composite design was utilized to investigate the 
influence of adsorption conditions including pH, adsorbent 
dose, initial Hg (II) concentration, and contact time on the 
Hg (II) removal efficiency. Based on experimental data illus-
trated in Table S2, the software suggested quadratic model 
to fit the results. However, the RSM data demonstrated that 
the removal ratio might be expressed by cubic model with 
the omit of several un necessary interactions for obtaining 
insignificant lack of fit and hence fitting the experimental 
data. According to the reduced cubic model, the dependency 
of the observed removal efficiency and process factors can 
be presented by Eq. (2)

ANOVA was performed to assess the fitness and impor-
tance of the empirical model (Table S4). The high F value 
(172.17) and low P value (< 0.0001) suggests that the pro-
posed model is significant. The lack of fit (LOF) is insignifi-
cant as the P value = 0.9456, emphasizing the great model 
certainty (Abdullah Issa et al. 2019). The high value of 
determination coefficient (R2 = 0.9989) and the reasonable 
correlation between adjusted R2 (0.9931) and predicted R2 
(0.9865) also proved the good fitness of constructed model 
for prediction of response. Moreover, coefficient of vari-
ation (CV, %), precision residual sum of square (PRESS) 
and adequate precision (AP) were also applied to empha-
size the accuracy of the suggested model. As represented in 
Table S4, the CV, PRESS, and AP values were 1.57%, 59.8, 
and 42.14, respectively, confirm the excellent validity of the 
proposed model.

Figure 6a displays the correlation between experimental 
and model predicted values. As noticed, data distribution 
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(4)
Removal (%) = 80.88 + 5.2X1 + 5.70X2 + 3.70X3 + 1.65X4 − 2.03X1X2 + 0.28X1X3 − 1.17X1X4 + 1.07X2X3

+0.17X2X4 + 1.73X3X4 − 10.21X2

1
− 4.91X2

2
+ 0.091X2

3
− 3.36X2

4
+ 1.96X1X2X3 − 0.47X1X2X4+

1.09X1X3X4 + 0.36X2X3X4 − 5.04X2

1
X2 + 0.32X2

1
X3 − 0.91X2

1
X4 + 6.29X1X

2

2

where X1, X2, X3, and X4 are pH, N − CDs dose, Hg (II) 
initial concentration and time, respectively. The positive and 
negative coefficient items suggest the synergetic and Antag-
onism effect of input factors and the predicted response, 
respectively.

forms a straight line with a standard deviation of 1.08, sug-
gesting the robustness of the proposed model. Besides, 
the studentized residual against run number was analyzed 
(Fig. 6b). The residual plot is between reasonable range, 
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justifying the fitness of the model in expressing the Hg (II) 
removal at various process conditions.

Figure 7 represents the influence of interaction between 
experimental factors on the adsorption capacity of Hg (II). 
In these graphs, Eq. 2 was used to facilitate plotting of 
3D responses showing two varied variables within the 
processing range while fixing the third factor constant. 
Figure 7a–c illustrates the response surfaces as a function 
of temperature. It is obvious that the adsorption uptake 
rises with increasing pH and reaches the optimal when 
the pH is in the range of 6–9. Further increase or decrease 
of pH lead to an adverse effect on the Hg (II) removal 
efficiency. The low Hg (II) removal efficiency in acidic 
conditions might be due to the formation of H3O+ ions. 
These ions vie Hg (II) for the functional moieties on the 
edge of N-CDs, making Hg (II) free in the aqueous media 
(Issa et al. 2020a). In natural conditions, the surface occu-
pation reduces and Hg (II) interact with multiple active 
species of the adsorbent, leading to an enhancement of 
adsorption uptake.

The surface plots of Fig. 7a, d, and e represent the per-
centage adsorption for the effect of dose. As the N-CDs dose 
increases from 0.05 to 0.15 g, better % adsorption from 67 
to 85% could be achieved. Normally, when dose increases 
from zero, more active groups exist, leading to the improve-
ment of Hg (II) adsorbed. However, the higher dose up so a 
specific range, the less of % adsorption were obtained. This 
adsorption reduction might be due to the precipitation of the 
N-CDs particles as a consequence of reducing surface area 
(Issa et al. 2020a).

Figure 7b, e, and f reveals that the optimal response was 
determined in the initial concentration of 100 mg/L. This 
enhanced adsorption with increasing concentration might be 
attributed to the abundant driving force for mass transmis-
sion from the solution to the surface of the adsorbent. The 
influence of contact time in the range of 15–45 min on the 
response values are illustrates in Fig. 7c, e, and f. The % 
adsorption capacity can reach its best value within 30 min 
of incubation time, demonstrating the superior in terms of 
equilibrium time in contrast to previous reports in the lit-
erature (Ghaedi et al. 2015) (Alsuhybani et al. 2020). The 
above results emphasize the suitability and adequacy of the 
proposed system for different applications.

The contour plot of the predicted design (Figure S5) 
demonstrated that the optimal processing conditions values 
are pH (7), dose (0.1 g), initial concentration (100 mg/L) 
and duration (30 min). Under these conditions, a relatively 
high adsorption efficiency (84.6%) were obtained. The con-
sistency between the experimental and predicted response 
(%Removalpred 84.8%) suggest the validity and suitability 
of proposed model for predication of adsorptive uptake of 
N-CDs for Hg (II) ions.

Adsorption isotherm and kinetic model

In order to gather enriched information into the adsorbate-
adsorbent interaction, Langmuir and Freundlich isotherm 
models were analysed. The isotherms isotherm of N-CDs 
for Hg (II) were investigated using the best conditions at 
ambient temperature. The relevant factors are summarized 
in Table S6. The results emphasize that Langmuir equation 
with R2 (0.9946) fits well the experimental data than Freun-
dlich isotherm (R2 = 0.9865), implying that the adsorption 
process is monolayer. The maximum adsorption uptake of 
116.3 mg/g was determined. A summary of different adsor-
bents used for Hg (II) removal (Table S7) suggest the supe-
rior performance of the present work to adsorb Hg (II).

Hg (II) adsorption as a function of contact time was further 
explored and the results are illustrated in Table S8. The pseudo-
first-order and second-order kinetics are important in waste-
water treatment as it observe the adsorbent-adsorbate dynamic 
process. As presented in Fig. 8d, e, the pseudo second-order 
equation with R2 = 0.9787 is greater than that of the first-order 
equation (R2 = 0.9986), suggesting that the chemisorption is 
responsible for the sorption behavior onto the N-CDs.

Reusability is a significant principle for nanomaterials 
to be applicable in practical functions. Thus, the adsorp-
tion–desorption series were carried out using the eluent 
of ascorbic acid (1 mol/L). As illustrated in Figure S9, no 
apparent decline in the % adsorption (only 10%) after five 
desorption cycles. This reduction might be ascribed to the 
irreversible occupation of the active adsorbent sites. The 
above data indicate that N-CDs could be effectively reused 
and recycled.

Fluorescence detection

Notably, the existence of functional moieties includ-
ing hydroxyl, carboxyl and amino groups on the N-CDs 
surface can make a connection to interact these nano-
materials with specific ions (Patir and Gogoi 2018). In 
this regard, the feasibility of using N-CDs as fluores-
cent probes for mercury ions was applied via measuring 
the PL signal of the proposed N-CDs. The PL response 
of N-CDs was conducted by adding different Hg (II) 
concentrations in a range of 0–50 μM. As presented in 
Fig. 9a, the PL signal decreases slowly with the rise in 
the Hg (II) concentration. The quenching performance 
was further established via Stern–Volmer equation. 
The turn-off factors (I0/I) against the concentration of 
Hg (II) displayed a straight-line calibration plot in the 
range of 0–50  μM, with a correlation coefficient of 
0.9999 (Fig. 9b). Figure 9b (inset) signifies the fluores-
cence emission of nanoprobes with and without adding 
100 μM Hg (II) ions under 365 nm UV-excitation light. 
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The obvious turn-off in the blue emission is consistence 
with the data emphasized by PL spectra. The turn-off 
behavior of the Hg (II) on N-CDs could be expressed as 
(I0–I)/I0 = 0.9155 + 0.0181 [C].where I and I0 is the PL 
emission at 470 nm in the presence and absence of Hg 
(II), respectively and [C] is the Hg (II) concentration. 
The limit of detection (LOD) was estimated by 3σ/K and 
found to be 0.01 μM. Table S10 summarizes the compari-
son between the constructed nanoprobe with other previ-
ously reported CD-based Hg (II) sensors. Obviously, the 
proposed sensing system is comparable to other methods 
in terms of lower detection limit and wider linear ranges.

The analytical determination of mercury (II) in real sam-
ples displays a challenge to the practical analysis due to their 
inherent pollution with other metal ions. Thus, the applica-
bility of the sensing platform was evaluated in the sensing of 
Hg (II) by recording the PL signal of aqueous N-CDs with 
100 μM of Hg (II) alone and mixed with 100 μM of several 
metal ions. Hg (II) can turn off the emission of N-CDs, while 
low to none effect of other concomitant metal ions on the PL 
emission was noticed (Fig. 9c). In fact, the nature of chelat-
ing species on the edge of nanoprobes plays a key role in the 
metal-ion selectivity and coordination kinetics. Therefore, 
the particular selectivity of N-CDs towards Hg (II) among 

other metal ions might be assigned to the strong coordination 
of Hg (II) for the O, N electron donors (Issa et al. 2020b). As 
a result, the formation of new binding atoms might lead to 
the transfer of the excited energy to the d-orbital of Hg (II). 
The above finding indicates the anti-intrusion capability of 
the developed fluorescent probes for sensing Hg (II).

The applicability of the sensing platform in the monitor-
ing of Hg (II) was further validated in tap water by spiking 
different concentrations of Hg (II) solution. As presented in 
Table S11, the recoveries were varying from 91.7 to 99.6 with 
the relative standard deviation (RSD %) of less than 2.6%. 
According to the above results, the proposed sensing nano-
probes can monitor Hg (II) quantitatively in real water samples.

Hg (II) sorption and sensing mechanism

To get a clear insight of the sorption mechanism, the N-CDs 
after adsorption processes was measured via FTIR (Fig-
ure S12a). After sorption, the 1641 cm−1 intense peak corre-
sponded to C = O stretching vibration weakened. In addition, 
the 1045 and 1016 cm−1 peaks related to C–O and C–O–C 
bending vibrations increased and red-shifted to 955 cm−1. 
Moreover, the 725 cm−1 peak associated with C-H moie-
ties significantly increased. Furthermore, the additional of 
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1214 cm−1 peak indicates the binding affinity of N to Hg 
(II). The results of FTIR emphasize the involvement of the 
carboxyl and amino in the Hg (II) sorption.

TEM spectra was further analyzed to understand the 
Hg (II) removal by N-CDs as displayed in Figure S12b. 
A great increase in the size of N-CDs–Hg (II) could be 
seen. The distribution area is in the range of 7–15 nm 
with an average size of 8.6 nm. In contrast to the paired 
N-CDs, the size distribution increment suggests the pre-
cipitation of N-CDs leading to the N-CDs-Hg (II) nano-
complex formation. Furthermore, the dependency of PL 
emission on the temperature was also measured. The PL 
intensity of the nanocomplexes gradually declines as the 
temperature rises (Figure S12c). This might be assigned 
to the partially quenched of undissolved nanocomplexes 
in the suspension leading to the static turn-off behav-
ior (Lakowicz 2006; Bandi et al. 2018). Based on the 
above-mentioned investigations, the N-CDs adsorbent 
had a good adsorption uptake. As a result, electrostatic 
bindings between Hg (II) and carboxylic/ amino species 
on the edge of N-CDs, leading to PL turn-off mechanism.

Conclusion

The purpose of the recent paper is to construct a simple, 
sensitive and inexpensive route for efficient Hg (II) removal 
and detection in real water. The bright fluorescence N-CDs 
were constructed without using harsh reagents or high-energy 
consumption. The as-obtained N-CDs have a great graphiti-
zation index, are attached to various functional groups and 
have great resistance for aging conditions. By studying the 
effect of synthetic conditions on the optical characteristics 
of N-CDs, optimal QY of 35.5% was determined. The influ-
ence of parameters on Hg (II) sorption was statistically ana-
lyzed via central composite design (CCD) combined with 
response surface methodology (RSM). The N-CDs had great 
adsorption characteristics, with utmost adsorption capacity 
of 116.3 mg g−1. Moreover, the adsorbent was applied for 
selective and sensitive determination of Hg (II) with linear 
response ranges between 0 and 50 μM and a detection limit of 
0.01 μM. According to the vast data, coordination complexes 
were formed as a result of binding Hg (II) to –COOH/–NH 
groups around N-CDs, resulting to charge transfer and 

Fig. 9   a Fluorescence spectra of 
N-CDs versus Hg (II) concen-
trations excited at 350 nm, b 
calibration graph of N-CDs with 
increasing the concentration 
of Hg (II). The inset shows the 
suspension with the absence and 
presence of Hg (II) under UV 
illumination source, c selectiv-
ity of N-CDs for coexisting 
other metal ions with Hg (II)
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fluorescent turn-off mechanism. The N-CDs have the capa-
bility to monitor Hg (II) in real water with reasonable results. 
It is believed that the present approach may offer a new way 
for developing low-cost, highly luminescence, great Hg (II) 
removal and detection in environmental applications.
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