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Abstract The authors report that nitrogen-doped carbon dots
(N-CDs) represent a viable fluorescent probe for the determi-
nation of dissolved free chlorine. The N-CDs can be fairly
easily prepared by a solvothermal method using citric acid,
tartaric acid and ethanediamine as the precursors, display
excitation/emission maxima of 360/460 nm, and have a quan-
tum yield of 42.2 %. Free chlorine and ClO− quench fluores-
cence, and this was exploited to design a method for fluo-
rometric determination of chlorine and hypochlorite. The
probe has a short response time (< 1 min), excellent selectiv-
ity, high sensitivity, and a linear response range that extends
from 0.1 to 27 μM. The limit of detection is as low as
29.7 nM. The method was applied to the determination of
chlorine dissolved in tap water.
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Introduction

Chlorine (Cl2), hypochlorous acid (HClO), and hypochlo-
rite (ClO−) are extensively used as disinfectants due to
their strong oxidizing property. The sum of dissolved

Cl2, HClO, and ClO− in water is defined as free residual
chlorine [1]. The concentration of free chlorine should be
neither too low nor too high. Too low-level free chlorine
cannot kill pathogenic bacteria and viruses in water effec-
tively. However, too high-level free chlorine would react
with organic materials existing in water to produce
chlorinated byproducts, which have been reported to
be potentially harmful to human beings and animals
[2]. Concentrated free chlorine solutions can cause
respiratory problems, skin and throat irritation, abdomi-
nal pain, burning sensations, coughing, and vomiting
[3]. Therefore, it is typically controlled at concentrations
between 10−5 and 10−2 mol⋅L−1 in our daily life [4]. It
is necessary to monitor and control the level of chlorine
in water.

Many methods have been reported for the determination of
free chlorine, including the well known iodometric titration
[5], colorimetry [6], chemiluminescence [7–9], ion chroma-
tography [10], gas chromatography [2], liquid chromatogra-
phy [11], flow injection analysis [12], and so on. Though each
method has its advantages, many reported means still involve
low detection sensitivity, poor selectivity, the use of toxic re-
agents, or the employ of complicated performance.
Developing facile and effective methods for the determination
of free chlorine is still of significance.

The applications of carbon dots in the field of bioimaging,
biosensing, ions detection, optoelectronic devices and
photocatalysis have attracted much attention. A fluores-
cent probe based on nitrogen-doped carbon dots was
prepared and applied in the determination of free
chlorine in this report. The obtained N-CDs exhibited
excellent selectivity and sensitivity of fluorescence
quenching for free chlorine, and possessed promising
potential applications in the detection of free chlorine
in real water samples.
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Experimental

Chemicals

Citric acid monohydrate (CA), L-tartaric acid, ethanediamine
and oleic acid were all analytical reagents (AR). They
were purchased from Shanghai Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China; www.reagent.com.
cn). Quinine sulfate was purchased from Aladdin
Industrial Corporation (Shanghai, China; www.aladdin-
e.com). Ultrapure water was prepared with a Milli-Q
sys t em (Mi l l i po r e , Bed fo rd , MA, USA; www.
merckmillipore.com). Sodium hypochlorite solution with a
concentration of 1.37 M was purchased from Xilong
Chemical Co. Ltd. (Guangdong, China; www.xlhg.com).
Other reagents were all analytical and were used without
further purification.

Apparatus

A UV-2550 spectrophotometer (Shimadzu; www.shimadzu.
com) was used to record UV–vis spectra of the N-
CDs. The fluorescence spectra were obtained by a
Varian Cary Eclipse Fluorescence Spectrophotometer
(Varian; www.agilent.com.cn). Fluorescence decay was
measured by an Edingburgh Instruments FLS920
fluorescence spectrometer (Edingburgh Instruments;
www.edinst.com). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were
recorded using FEI Tecnai G2 F20 instruments (FEI;
www.fei.com). The X-ray photoelectron spectroscopy
(XPS) spectra were recorded using a Thermo ESCALAB
250Xi multifunctional imaging electron spectrometer
(Thermo Fisher; www.thermoscientific.com). Elemental
analysis was performed using a vario EL Elemental
Analyzer (Elementar Analysensysteme GmbH, Germany;
www.elementar.de).

Preparation of the N-CDs

A simple one-step solvothermal method was used to prepare
the mentioned N-CDs. A typical synthesis process is as fol-
lows. CA monohydrate (1.5 g) and L-tartaric acid (1.5 g) were
placed in a three neck flask, and then ethanediamine (5 mL)
and oleic acid (30 mL) were added. The mixture was then
heated at 220 °C for 30 min under vigorous magnetic stirring.
The colorless solution changed to a clear brownish black so-
lution as the reaction progressed. After the reaction, the solu-
tion was cooled at room temperature, and then black solid
precipitate was obtained directly. The precipitate was washed
sufficiently with n-hexane, dispersed in ultrapure water, and
centrifuged at 6000 rpm (centrifugation force, 5000 g) for
30 min to remove large particles product.

Calculation of quantum yield of the N-CDs

The quantum yield (QY) of the obtained N-CDs was mea-
sured by comparing the integrated photoluminescence (PL)
intensities and the absorbance value of the product with the
reference quinine sulfate. The quinine sulfate (literature
QYR = 0.54 at an excitation wavelength of 360 nm) was
dissolved in 0.1 M H2SO4 (refractive index η of 1.33),
and the obtained N-CDs were dissolved in ultrapure
water (η = 1.33). Absorbencies in the 10 mm fluorescence
cuvette were kept under 0.1 at the excitation wavelengths. The
quantum yield of the N-CDs was determined by the following
equation:

QY ¼ QYR �
I

IR
� AR

A
� η2

η2R

where I is the measured integrated emission intensity, η is the
refractive index of the solvents, and A is the optical density.
The subscript R refers to the reference of known quantum
yield.

Fig. 1 The TEM image (a) and
the size distribution (b) of the
N-CDs

2222 Microchim Acta (2016) 183:2221–2227

http://www.reagent.com.cn
http://www.reagent.com.cn
http://www.aladdin-e.com
http://www.aladdin-e.com
http://www.merckmillipore.com
http://www.merckmillipore.com
http://www.xlhg.com
http://www.shimadzu.com
http://www.shimadzu.com
http://www.agilent.com.cn
http://www.edinst.com
http://www.fei.com
http://www.thermoscientific.com
http://www.elementar.de


Results and discussion

Synthesis and characterization of the N-CDs

The N-CDs were prepared according to our previously report-
ed method [13]. CA monohydrate, tartaric acid and
ethanediamine were used as the precursors. Unlike hydrother-
mal method, oleic acid was used as the reaction media. The
fabrication process did not use any inorganic acid ormetal ion.
Water generated in the reaction process may act as a Bsoft-
template^, and modulate the size of the formed nanoparticles
[14]. The TEM image (Fig. 1a) shows that the product was
uniform sphere particles. The size distribution histogram
(Fig. 1b) shows that the N-CDs had a narrow size distribution
in the range of 1 to 4 nm, with an average diameter of about
2.66 nm. The high-resolution TEM (HRTEM) images of the
N-CDs did not show any discernible lattice fringes, indicating
the amorphous nature of the obtained N-CDs.

The product was characterized by X-ray photoelectron
spectroscopy (XPS). The XPS spectrum shows three peaks
at 286.05, 399.87 and 532.34 eV (Fig. 2a), which can be
attributed to C1s, N1s, and O1s, respectively. The C1s spectrum
can be deconvoluted into four peaks at 284.67, 285.32, 285.88
and 287.64 eV (Fig. 2b), indicating the presence of four types
of carbon bonds: sp2 C = C or sp3 C-C, C-N or C − O, sp2

N-C = N, and C = O. The deconvolution of the N1s spectrum
indicated the presence of three types of nitrogen bonds: C-N-C
(399.34 eV), N-(C)3 (399.82 eV), and C-N-H groups
(400.58 eV) (Fig. 2c) [15]. The elemental analysis showed

that the product contained 38.97 % of carbon, 15.59 % of
nitrogen, 6.70 % of hydrogen, and 38.74 % of oxygen
(calculated) by weight. This suggests that the N-CDs contain
rich nitrogen and oxygen. The oxygen- and nitrogen-
containing functional groups such as hydroxyl group and ami-
no group endow the product with good water-solubility.

The UV-vis spectrum (Fig. 3a) shows that there are two
absorbance bands centered at 239 and 351 nm. The peak at
239 nm can be ascribed to the π–π* transitions of the aromatic
C = C sp2 domains which can not produce observed fluores-
cence signal [16, 17]. The other absorption peak at 351 nm can
be ascribed to the trapping of excited state energy of the sur-
face states, which can lead to strong fluorescence [18]. The
fluorescent spectrum of the obtained N-CDs conformed to the
UV-vis absorption features. Figure 3b shows that the emission
peak remains essentially unchanged with the variation of ex-
citation wavelength in the range of 320–400 nm. The
excitation-independent emission associated with organic
fluorophores was also reported by Giannelis et al. in a system-
atic investigation of the formation mechanism of carbogenic
nanoparticles by the pyrolysis of citric acid and ethanolamine
[19]. A redshift happenedwhen the excitationwavelength was
greater than 400 nm. The maximum emission peak was ob-
served at 460 nm, at an excitation wavelength of 360 nm.

The product emitted bright blue color under 365 nm UV
light (Fig. 3a, inset). The quantum yield (QY) of the obtained
N-CDs was calculated to be 42.2 % using quinine sulfate as a
reference. The reaction temperature was moderate and the
operation process was easily controlled. The N-CDs can be

Fig. 2 The XPS spectrum of the
obtained N-CDs (a). b and c are
the corresponding C1s spectrum
and N1s spectrum

Fig. 3 The UV-vis and
photoluminescence spectrum (a)
and the excitation-dependent
emission spectrum (b) of the N-
CDs. Inset of A, the photographs
under illumination of white (left)
and UV (365 nm, right) light
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obtained smoothly from batch to batch. The N-CDs exhibit
low cytotoxicity, and have been applied to in vitro cell imag-
ing [20]. We further explore their application in the determi-
nation of free chlorine.

Fluorometric determination of free chlorine

To understand the response rate of the fluorescence signal of
the N-CDs to free chlorine, the time-dependent fluorescence
changes upon addition of 25 μM hypochlorite were first mon-
itored. As shown in Fig. 4a, the fluorescence intensity of the
N-CDs at 460 nm was quenched by about 85 % as soon as the
hypochlorite was added into the solution. The intensity kept
basically stable during the following 60 min. This result sug-
gests that the fluorescence quenching of free chlorine to the N-

CDs is quite rapid, implying their promising application in fast
assay of free chlorine.

Another key factor for the determination is the pH value of
solution. Figure 4b shows that the fluorescence intensity of the
N-CDs in the absence of free chlorine remains basically un-
changed with the variation of pH value. In contrast, the inten-
sity had an obvious change in the presence of free chlorine
with the variation of pH value. The intensity had a larger
quenching in the lower pH value circumstance. The local pH
value affects the chemical equilibrium between HClO, ClO−

and chlorine. Free chlorine exists mainly as hypochloric acid
(HClO) in acid, neutral and weakly alkaline solutions
(pH = 3–9), and as hypochlorite anion (ClO−) in strong alka-
line solutions (pH > 9) [21]. As HClO exhibits stronger oxi-
dation capacity than ClO− (redox potential is 1.63 V for the

Fig. 4 Time- (a) and pH-
dependent (b) fluorescence
response of the N-CDs with free
chlorine. Concentration of the
N-CDs, 4.0 μg⋅mL−1 for (a) and
2.5 μg⋅mL−1 for (b);
concentration of sodium
hypochlorite, 25 μM for (a) and
10 μM for (b)

Fig. 5 a Normalized
fluorescence of aqueous N-CDs
solution (4.0 μg⋅mL−1) in the
presence of 30μMof various ions
at 360 nm excitation wavelength.
b Selective PL response of
aqueous N-CDs solution towards
20 μM ClO− (black bars), and
interference of 20 μM of other
ions with 20 μMClO− (red bars).
c The dependence of fluorescence
intensity on the concentrations of
ClO− within the range of 0–
40 μM. d Fluorescence emission
spectra of aqueous N-CDs
solution upon addition of various
concentrations of ClO− (from top
to bottom: 0, 0.1, 0.5, 1, 3, 6, 9,
12, 15, 18, 21, 24 and 27 μM)
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former, and 0.90 V for the latter), we think that oxidative
process is the main reason for fluorescence quenching of the
N-CDs with the addition of free chlorine. It is suitable to
choose neutral environment for the convenience of
experiments.

Detection of free chlorine based on the N-CDs

To evaluate the selectivity of the present assay system, two
control experiments were performed. First, 30 μM of various
biologically and environmentally relevant ions, including
ClO−, Cl−, ClO3

−, ClO4
−, Br−, BrO3

−, F−, Ac−, CO3
2−,

H2O2, NO2
−, NO3

−, SO4
2−, PO4

3−, HPO4
2−, K+, Na+, Mg2+,

Ca2+ and Cu2+ were added into the N-CDs solution, and the
PL responses were recorded. As shown in Fig. 5a, significant
fluorescence quenching was observed with the addition of
ClO−, while the other ions showed only a negligible
quenching effect. Lead ions (Pb2+) also had no discernible
effect on the fluorescence, while mercury ions (Hg2+) had a
medium impact.

In another control experiment, 20 μMof ClO− alone (black
bars, Fig. 5b) and the mixtures of 20 μM of ClO− and 20 μM
of the above mentioned ions (red bars, Fig. 5b) were added
into the aqueous N-CDs solution respectively, then the
quenching effects were examined. From the results shown in
Fig. 5b, we can see that the influence of other potentially

interfering ions on the fluorescence quenching is negligible.
These observations indicate that the fluorescence quenching
of the N-CDs is selective to ClO− but insensitive to other
common ions.

Concentration experiments show that the fluorescence in-
tensity decreased gradually with the increase of the concentra-
tion of ClO− ions. Figure 5c presents the intensity versus the
concentration of ClO−. There exists a good linear correlation
(R2 = 0.9992) between the intensity and the concentration of
ClO− in the range of 0.1 to 27 μM. The limit of detection
(LOD) was estimated to be 29.7 nM based on three times
the standard deviation rule (LOD = 3Sd/s). Figure 5d shows
the overlap fluorescence emission spectra of the N-CDs upon
addition of various concentrations of ClO−. It should be noted
that the obtained limit of detection of the N-CDs for ClO−

detection is comparable or much lower than those previously
reported with other fluorescent probes [1, 22–24]. Table 1
shows the figures of merit of recently reported methods for
determination of free chlorine and hypochlorite. The results
show that the present assay system exhibits superior selectiv-
ity and sensitivity to ClO− ions, and may be useful in environ-
mental applications for ClO− detection.

In order to further explore the fluorescence quenching
mechanism, effects of other commonly used oxidants on the
fluorescence of the N-CDs were investigated. We found that

Table 1 Figures of merit of
recently reported methods for
determination of free chlorine and
hypochlorite

Material/method used LOD (μM) Linear range (μM) Ref.

Graphene quantum dots/fluorescence 0.05 0.05–10 [1]

Carbon dots/fluorescence 0.015 0.2–2.0 [22]

Carbon dots/fluorescence 0.05 0.1–10 [23]

Carbon dot-rhodamine B nanohybrid/fluorescence 4 10–140 [24]

N,S-co-doped carbon dots/fluorescence 0.005 0.01–100 [25]

Graphene quantum dots/chemiluminescence 0.3 0.5–1000 [9]

Carbon nitride quantum dots/chemiluminescence 0.01 0.02–10 [26]

N-CDs/fluorescence 0.0297 0.1–27 This work

Fig. 6 Fluorescence decay of aqueous N-CDs solutions at 360 nm
excitation wavelength

Table 2 Determination of free chlorine and hypochlorite in tap
water samples

Found
(μM)

Added
(μM)

Total found
(μM)

RSD
(%, n = 3)

Recovery
(%)

Sample 1 0.71 0.50 1.23 3.34 104.0

1.00 1.76 4.51 105.0

3.00 3.58 4.12 95.7

5.00 5.66 5.39 99.0

Sample 2 1.40 0.50 1.94 4.32 108.0

1.00 2.37 4.78 97.0

3.00 4.46 3.65 102.0

5.00 6.19 5.11 95.8
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the oxidants with stronger oxidation capability (such as
KMnO4 and ·OH) than free chlorine can also quench the fluo-
rescence, while the other weaker oxidants (such as H2O2,
Fe3+) have nearly no or little effect on the fluorescence of
the N-CDs. Though the exact mechanism of the fluorescence
quenching of carbon dots by free chlorine is still not fully
known, more andmore evidence indicate that the fluorescence
properties of carbon dots are affected significantly by their
surface states [1, 27–29]. The surface of the obtained N-CDs
contains large amounts of reductive hydroxyl groups due to
incomplete carbonization. Free chlorine may destroy the sur-
face passivation of the N-CDs, resulting in the quenching of
the fluorescence.

In addition, fluorescence life times of the N-CDs were de-
termined using time correlated single photon counting tech-
nique. The emission decay curves of the N-CDs at 360 nm
excitation wavelength are shown in Fig. 6. It can be found that
the fluorescence decay remained essentially unchanged after
the addition of hypochlorite, suggesting that static quenching
occurred mainly in this case [30]. The fluorescence life time
for the N-CDs, the N-CDs with 15 μM ClO− and the N-CDs
with 27 μMClO− was fitted to be 15.24, 15.13, and 14.72 ns,
respectively, using single exponential model.

Detection of free chlorine in real samples

The excellent specificity combined with high sensitivity and
selectivity of N-CDs to ClO− suggested that the probe might
be directly applied for detecting ClO− in real water samples.
Therefore, we further examined the practical application of the
assay of ClO− in real samples. The tap water samples obtained
from our lab and dormitory (samples 1 and 2) without any
pretreatment were spiked with ClO− at different concentration
levels, and then analyzed with the established method. The
contents of free chlorine in real water samples are summarized
in Table 2. The concentration of free residual chlorine in tap
water samples 1 and 2 were found to be 0.71 and 1.40 μM,
respectively. The recovery was in the range of 95.7 to
105.0 % with relative standard deviation (RSD) less
than 5.39 % (n = 3) for all of the samples analyzed.
The results indicate that the N-CD-based probe may be a
promising assay platform for the detection of ClO− in real
environmental samples.

Conclusions

In summary, we have prepared a kind of nitrogen-doped car-
bon dots (N-CDs) from citric acid, tartaric acid and
ethanediamine by a facile one-pot solvothermal process. The
fluorescence of the N-CDs can be effectively quenched by
free chlorine and ClO−, and then a method for fluorometric
determination of chlorine and hypochlorite was presented.

The strategy is facile, rapid, low cost, and environment friend-
ly, and has a promising prospect in the detection of free chlo-
rine in real samples.
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