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ABSTRACT

Carbon dots (CDs) as a new class of carbon nano materials have attracted considerable attention
owing to its outstanding merits including excellent water solubility, good bio compatibility and high
photo stability. Herein, a simple and effective method was designed to detect Cerium (III) (Ce®**)
based on fluorescence quenching of CDs. The fluorescent CDs were synthesized using traditional
Chinese medicine residues as the carbon source by a simple and one-step reflux method. The pre-
pared CDs have a bright blue fluorescence and a relatively high quantum yield of 32%. The fluores-
cence of CDs can be efficiently quenched by the addition of Ce*". Moreover, a good linear relationship
was obtained between the degree of fluorescence quenching and the concentration of Ce* in the
range of 100-250 uM, with a detection limit of 2.51 uM. This probe also showed high selectivity over
other interferential cations. It is demonstrated that the CDs based fluorescent probe can be used to
detect Ce** in real water samples.

Keywords: Carbon dots; Cerium (III); Fluorescence probe; Fluorescence quenching; Real water samples

1. Introduction

The rare earth elements (REE), also referred to as the
lanthanide’s, are a series of elements with atomic numbers
between 57 and 71 [1-3]. They are widely used in all major
applications in nuclear energy, metallurgy, agriculture,
electronics, medical, and chemical engineering due to their
specific physical and chemical properties [4-8]. Among
the REE, Cerium is the most abundant element, averaging
22 mg kg™ in various soils worldwide [9,10]. It exists dom-
inantly in a trivalent ion (Ce*). The increasing use of Ce*
application in functional materials and metallurgical areas
leads to the researchers study its effects on the environment
and human health [11,12]. From a biological and a toxico-
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logical point of view, Ce™ affects the physiological activities
of organism [13]. When it is inhaled with air, Ce®* can cause
various diseases such as lung embolisms or threatens the
liver [14,15]. Therefore, the development of rapid and sen-
sitive analysis methods for the determination of Ce*" is of
significant interest.

In the past ten years, various approaches have been
developed in literature for the effective determination of
Ce*, such as inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), including inductively cou-
pled plasma mass spectrometry (ICP-MS), electro thermal
atomic absorption, spectrofluorometry, and neutron activa-
tion analysis [16-21]. However, these methods suffer from
the expensive instruments, complicated processes and may
be unavailable in some areas. In fact, superior methods for
the detection of Ce®* are still greatly needed.
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The tremendous progress in the research of different
functional groups based nano materials brings the oppor-
tunities for optical detection Ce* by considering their fast
response, high sensitivity and selectivity and cost effective-
ness [22,23]. Although Ce® is similar characteristics and it
is difficult to separate from REE. This encourages the devel-
opment of optical detection of Ce** by using nano materials.
The coordination chemistry of REE with O- and N-donor
ligands has advanced because of the fact that steric factors
can be optimized with the ligand set Ce* contraction by
choosing the best size of REE [24,25]. This has led to the
development of an optical detection and recovery of Ce®
with nano materials using functional discolor or fluores-
cence group ligand.

As a new member of the nano materials family, fluores-
cent carbon dots (C-dots) are small carbon nano particles
with sizes below 10 nm, and have many fascinating advan-
tages including excellent water solubility, good bio compat-
ibility, low cytotoxicity, speed response, high selectivity and
sensitivity at cost-effectiveness [26-31]. Currently, detection
of Ce* using CDs in the solvent is still rare, all of them are
metal ions such as Hg*, Fe*, Cu?*, Pb**analysis fluorescent
probes [32-35]. Therefore, development of sensing CDs as
per the requirement of determination Ce* from REE is yet
issue for scientists.

In this work, we report a highly sensitive nano sensor
based on CDs for detection of Ce** by fluorescence spectrum.
The CDs were synthesized from traditional Chinese medi-
cine residues through a simple sodium hydroxide-assisted
reflux method. This probe can be employed for the sensi-
tive and selective detection of Ce* by fluorescence turn-
off. The obtained CDs show excellent linear relationship
towards Ce® in the concentration range from 100-250 pM
with a detection limit of 2.51 pM. The mechanism was also
discussed in paper. Furthermore, CDs can be applied for
the selective determination of Ce* in water samples. To
our knowledge, we report a fluorescence spectral sensing
method for the detection of Ce™ based on CDs for the first
time. This probe provides a simple and inexpensive method
for detecting Ce®".

2. Experimental
2.1. Chemicals and apparatus ETH

Sodium hydroxide (96.0%), hydrochloric acid (36.0-
38.0%) and ethanol (99.7%) were purchased from Tianjin
Guangfu chemical reagents Co., Ltd. (Tianjin, China). The
traditional Chinese medicine residues were obtained from
our school hospital (Tianjin, China). All the other chem-
icals were analytical grade and used as received. Deion-
ized water by our own school was used throughout the
experiments (Tianjin, China). Phosphate buffered solution
(10 mM) was prepared by using a mixture Na,HPO, and
KH,PO, (purchased from Tianjin yongda chemical reagent
Co., Ltd) (Tianjin, China). The solutions of metal ions were
prepared from NaNO, (99.0%), KNO, (99.0%), MgSO,
(99.0%), Ca(NO,), (99.5%), Ba(NO,), (99.0%), Ce(NO,),
(99.0%), Cr(NO,), (98.5%), Mn(NO,), (99.5%), Fe(NO,),
(98.5%), Co(NO,), (99.0%), Ni(NO,), (98.0%), PdACl, (98.5%),
CuCl, (99.5%), AgNO, (99.8%), Zn(NQO,), (99.5%), Cd(NO,),
(99.0%), Hg(NO,), (98.0%), AI(NO,), (99.0%), Ga(NO,),

(98.5%), Pb(NO,), (99.0%) and Sr(NO,), (98.8%) (purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd) (Tianjin,
China).

Transmission electron microscopy (TEM) measurements
were performed on an H-7650 electronic microscope of
HITACHI from Japan (Shanghai, China). The Fourier trans-
form infrared spectroscopy (FTIR) spectra were recorded
on a TENSOR37 Fourier-transform infrared spectrometer
from Tianjin Gangdong Scientific and Technological Devel-
opment Co., Ltd (Tianjin, China). The X-ray photo electron
spectroscopy (XPS) spectra measurements were performed
on an X-ray photo electron spectroscopy (EDAX, GENE-
SIS 60S). UV-vis absorption spectra of the samples were
recorded on a Purkinje General TU-1901 UV-vis spectro-
photometer from Beijing Purkinje General Instrument Co.,
Ltd (Beijing, China). Fluorescence emission spectroscopy
was carried out on an F-380 fluorescence spectrophotom-
eter from Tianjin Gangdong Scientific and Technological
Development Co., Ltd (Tianjin, China). A PHS-3W pH meter
(Shanghai Lida instrument factory) was utilized to measure
the pH values of aqueous solutions (Shanghai, China). The
fluorescence imaging was observed under an Olympus
IX71 inverted fluorescence microscope from Japan with a
20x objective lens (Beijing, China).

2.2. Synthesis of CDs

CDs were synthesized through a reflux method accord-
ing to the reported procedure with some changes [36]. The
traditional Chinese medicine residues (2 g) were added into
0.1 M sodium hydroxide (50 mL) under magnetic stirring.
The solution became brown gradually after refluxing for 8 h
at 120°C. After cooling down, the insoluble precipitate in
the solution was removed by extraction filtration and cen-
trifugation. Then the obtained solution was neutralized (pH
= 7.0) by 0.1 M hydrochloric acid. Then the CDs solution
was further purified through dialyzing with a dialysis tube
(Mw = 3000) against doubly distilled water for 3 d. Even-
tually, pure CDs were obtained by rotary evaporation and
freeze drying. The resulting powder was dispersed in dis-
tilled water at a concentration of 1 mg mL™ for further use.

2.3. Quantum yield measurement

The fluorescence quantum yield was determined by
slope method by the reference of quinine sulfate: compared
the integrated photoluminescence intensity (A = 360 nm)
and the absorbance value (several values gave the curve) of
the CDs samples with that of the references. Then used the
equation: ¢ = ¢_(K /K )(n /n,)* where ¢ is the fluorescence
quantum yield, K is the slope determined by the curves and
n is the refractive index. The subscript “st” refers to qui-
nine sulfate and “x” refers to the CDs. For these aqueous
solutions, n_/n_ = 1. So, the equation was simplified to: ¢_
= 0,(K /K,).

2.4. Fluorescence assay of Ce>*

Firstly, various metal ions solution of a concentra-
tion of 2 mM were prepared, including NaNO, (99.0%),
KNGO, (99.0%), MgSO, (99.0%), Ca(NO,), (99.5%), Ba(NO,),
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(99.0%), Ce(NO,), (99.0%), Cr(NO,), (98.5%), Mn(NO,),
(99.5%), Fe(NO,), (98.5%), Co(NO,), (99.0%), Ni(NO,),
(98.0%), PdCl, (98.5%), CuCl, (99.5%), AgNO, (99.8%),
Zn(NO,), (99.5%), CA(NO,), (99.0%), Hg(NO,), (98.0%),
AI(NO,), (99.0%), Ga(NO,), (98.5%), Pb(NO,), (99.0%) and
Sr(NO,), (98.8%). In a typical detection experiment, 0.2 mL
CDs (1 mg mL™) solution was added into a certain amount
of metal ions (0.2 mL) solution to form a 10 mL clear solu-
tion with water. After mixing completely and maintained
for 30 min, fluorescence measurements were carried out at
the excitation wavelength of 360 nm with the excitation and
emission slit width of 5 and 10 nm. All samples were pre-
pared at room temperature.

3. Results and discussion
3.1. Structural and optical characterization of CDs

The CDs were prepared by the reflux treatment of tradi-
tional Chinese medicine residues with sodium hydroxide,
then a yellow brown solution was obtained. The morphol-
ogy and particle size of the obtained CDs were determined
by TEM. The TEM image demonstrates that CDs are well
dispersed and spherical in shape as shown in Fig. 1. The
CDs are mainly distributed in the range of 4-10 nm with
an average size about 8 nm. The FTIR spectrum was tested
to reveal the surface functional groups of CDs as shown in
Fig 1b. The bands at 3404 and 1124 cm™ are corresponds
to the stretching vibrations of O-H and C-O, showing the
presence of hydroxyl and other oxygen-containing func-
tional groups. The stretching vibration bands of N-H at
3133 cm™ and C-N at 1400 cm™ indicate the existence of
amino-containing functional groups. The FTIR spectrum
also displays the absorption bands of C-H at 3001 cm™ and
C=C at 1602 cm™.

Then XPS was investigated to provide further evidence
for the components and the surface functional groups of the
CDs. The three typical strong peaks at 285,403 and 532 eV as
shown in Fig. 2a are attributed to C1s, N1s and O1s, respec-
tively. The Cls spectrum shows two representative peaks
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at 284.8 eV and 288.2 eV, which are from C-C and N-C=0O
bands. The N1s can be resolved into two carbon states at
401 eV and 403 eV, which are attributed to N-H and N-C=0,
respectively. The enlarged region of Ols reveals the signals
of C-OH at 532.8 eV and N-O at 534 eV. All these FTIR and
XPS results demonstrate that the prepared CDs contain
functional groups with oxygen and nitrogen elements.

The optical properties were explored by UV-vis and flu-
orescence spectra as shown in Fig. 3. The absorption peak
at 220 nm is attributed to the typical n—n* transition of aro-
matic sp? domains. The broad peak around 330 nm is due
to n-n* transition of C=0 [37]. The fluorescence emission
peaks of CDs gradually red shift at increasing excitation
wavelength from 300 nm to 400 nm. The strongest emission
at 438 nm was obtained at the excitation wavelength of 360
nm. Therefore, 360 nm was chosen as the excitation wave-
length for the following experiments. The quantum yield
was calculated to be 32% with the quinine sulfate (54 %
in 0.1 M H,SO,, A, = 360 nm) as a reference material. The
influence of pH on the fluorescence stability of the obtained
CDs was investigated. As shown in Fig 3¢, the fluorescence
intensity at 438 nm increased gradually with the increase of
the pH value of solution from pH 1.0 to 4.0 and then reached
a maximum at pH 8.0. When the solution pH value contin-
ued to increase from pH 8.0 to 14.0, the fluorescence inten-
sity decreased. So, pH 8.0 was chosen as the optimal pH
for detecting the Ce®. It can be seen that the CDs have the
high fluorescence intensity at pH 6.0-8.0, which indicates
that the CDs would have a great potential application in
biomedical field. There was no observation of coagulation
particles even after being kept for 40 d, and the fluorescence
intensity of CDs showed a negligible change as shown in
Fig. 3d, which demonstrates that the synthesized CDs have
good fluorescent stability.

3.2. The selectivity and sensitivity of CDs for Ce** detection

To investigate the selectivity of the CDs for Ce*, the flu-
orescence intensity of the CDs at 438 nm was measured after
introducing of various metal cations. As listed in Fig. 4a,
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Fig. 1. TEM image of CDs, inset: the size distribution of CDs (a); FTIR spectrum of CDs (b).
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except the addition of Ce® leading to obvious fluorescence
quenching (75 %), the other metal ions show quite few effect
on the fluorescent intensity of CDs, which confirmed that
CDs could act as highly selective Ce** probe.

Fluorescence titration experiments were performed
to investigate the sensitivity of the CDs toward Ce*. The
result shown in Fig. 4a revealed that the fluorescence inten-
sity changes of CDs at 438 nm were investigated with the
increasing concentration of Ce*. Upon the addition of
Ce’, significant fluorescence quenching at 438 nm can be
observed. From the corresponding point plot shown in
Fig. 4b, it can be clearly seen that the fluorescence signal
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decreased exponentially as the Ce®* concentration ranging
from 0 to 500 uM. While, the fluorescence almost didn’t change
any more upon 400 uM, indicating that the CDs has reached
saturation for Ce’* determination. F, and F are the fluo-
rescent intensities of CDs in the absence and presence of
Ce™*, C is the concentration of Ce*. A good linear response
towards Ce™ concentration ranging from 100 to 500 uM
was obtained shown in Fig. 4c. The limit of detection for
the proposed probe was evaluated to be 0.22 pM using the
formula: 36/s, where o is the standard deviation of blank
signal (n = 6) and s is the slope of the calibration curve. In
the contrast experiment, Ce* and the mixtures of Ce* and
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Fig. 4. Effect of various metal ions on the fluorescence intensity of CDs, the other metal ions including Na*, K*, Rb*, Mg?*, Ca*, Ba*",
La*, Ce*, Cr¥*, Mn?*, Fe**, Co*, Ni*, Pd*, Cu*, Ag*, Zn*, Cd*, Hg*, Al*, Ga**, Pb* (a). Fluorescence emission spectra of CDs in
the presence of different concentrations of Ce** (from 0 to 500 uM) (b); The corresponding point plot (c); The linear relationship of
F,/F-1 on the concentrations of Ce** in the range of 100-250 uM, (d); Fluorescence response of CDs in the presence of Ce’* with the
addition of competitive metal ions respectively (e). Reaction time on the fluorescence intensity of CDs in the absence (black) and

presence (red) of Ce** (f).
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the above mentioned metal ions were used to explore the
fluorescence response of CDs.

For Ce* detection, one of the essential requirements
was no interference or minor from various potentially com-
petitive metal ions in the environment. Then, the competi-
tive experiments were carried out by addition of 10 equiv.
of Ce?** to the CDs solutions in the presence of 50 equiv. of
other metal ions. The result shown in Fig. 4e indicated that
remarkable fluorescence quenching could be observed and
the relative change of the emission intensity reached about
75 %, which confirms the remarked selectivity of CDs for
Ce’* in water.

To understand the response rate of the fluorescence sig-
nal of CDs to Ce™, the time-dependent fluorescence changes
were evaluated. As shown in Fig. 4f, a remarkable fluores-
cence quenching of CDs was observed within 5.0 min of
contact time. This suggests that Ce® initially quenches
the fluorescence of CDs by binding to the surface groups
of CDs (Fig. 6), which affects the surface states of CDs and
results in the charge transfer from CDs to Ce?**. Following
this, the fluorescence quenching of CDs became slow until
reaching a steady state at 5.0 min. A further increase of time
did not lead to any further detectable quenching. Therefore,
5.0 min was selected as the optimum reaction time for Ce*
detection to achieve low detection limit.
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Fig. 5. The UV-vis absorption spectra of CDs under different
conditions.
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3.3. The mechanism for the detection of Ce®*

The quenching mechanisms of CDs includes static
quenching, dynamic quenching, FRER and IFE [38,39].
The Stern-Volmer plot fits a linear equation within the con-
centration range of 100-250 pM, indicating that only one
type of these mechanisms occurs. Static quenching occurs
when a nonfluorescent ground-state complex is formed
through the interaction between CDs and quencher [40],
so there will be a new absorption peak in the UV-absorp-
tion. But this process hasn’t this phenomenon as shown in
Fig 5a, so the quenching mechanism is not attributed to
static quenching. FRET and IFE needs the spectrum over-
lap of the excitation or emission spectra of CDs and the
absorption of quencher, this phenomenon doesn’t occur in
this quenching process because the Ce® hasn’t the obvi-
ous absorption in the range of 250-450 nm, so the quench-
ing mechanism is not attributed to FRET and IFE. Hence,
the quenching mechanism is attributed to the dynamic
quenching. The Stern-Volmer equation is F /F-1 = -2.591
+ 0.0278C as shown in Fig 4c. The constant of dynamic
quenching is 0.0278 uM L. It was further confirmed that
the high selectivity of CDs to detection Ce®* could be
ascribed to the complexation between Ce* and the basic
amino group and the hydroxyl portion in the surface of
CDs, which facilitated the electron transfer from the CDs
to the electron-deficient Ce*" so as to shift the electron to
the non-radiating decay path and quench the fluorescence
emission of CDs (Fig. 6).

3.4. Detection of Ce’* in real environmental samples

To verify the accuracy of the fluorescence detections
methods, two water samples from natural water sources
(tap water and ground water) were collected for determi-
nation of Ce*. Two water samples were stood for 24 h to
precipitate and the supernatant was taken out for further
analysis. In fluorescence spectra, no Ce* was found in the
tap water and ground water samples. Then the water sam-
ples were spiked with two levels of 150 and 200 uM Ce**
by the standard addition method. The recoveries were
between 98.7% and 100.4% with low relative standard
deviations (RSD) (Table 1). This result demonstrates that
the prepared CDs are suitable for Ce® assay in environ-
mental waters.

ET

.’..'_NHZ\
+ +—OH+

Fig. 6. Schematic illustration of CDs as fluorescent probes for the detection of Ce** through electron transfer process.
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Table 1
Determination of Ce®* spiked in real water samples (1 = 3)
Sample used Added  Found R.S.D. Recovery
(=M) (=M) (%o, n=3) (%)
Tap water 150 149.5 19 99.9
200 200.8 2.1 100.4
Ground water 150 148.0 29 98.7
200 198.6 13 99.3

4. Conclusions

In summary, a simple and easy-to-prepare CDs based
Ce® probe that contains the amino group and the hydroxyl
unit was prepared and structurally characterized. It is wor-
thy to note that the current probe can afford Ce*-selective
fluorescence quenching and shows detection limits as low
as the 0.22 uM level. Furthermore, the probe also exhibited
high selectivity for Ce* over other metal ions. Analysis of
fluorescence intensity shows that the procedure is a dynamic
quenching process. Eventually, the CDs based probe also
successfully applied to analyze environmental water sam-
ples with satisfactory recovery. CDs may be useful for appli-
cation in toxicology and environmental science. This work
provides a new method for the utilization of waste products.
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