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The development of probes for the testing of the carcinogenic pollutant 2,4,6-trinitrophenol (TNP) is of great importance for
environmental protection and human health. In this paper, a new rapid and sensitive fluorescence detection method based on
carbon dots (CDs) was designed for the detection of TNP. The CDs were synthesized by simple pyrolysis using citric acid as raw
material and characterized by various advanced techniques. The addition of TNP caused a significant turn off in the fluorescence
of the CDs. The fluorescence quench intensity and TNP concentration exhibited a good linear correlation in the range of 0-80 uM
with a minimum detection limit of 0.48 yM and a related coefficient of 0.994. The analytical method was applied to the de-
termination of trace TNP in river water and tap water with recoveries in the range of 98%-110% and relative standard deviations
less than 5%. Importantly, carbon dots functionalized papers (CDFPs) were prepared using the synthesized CDs and successfully
applied to the determination of TNP in aqueous solutions, demonstrating the promising application of the method.

1. Introduction

2,4,6-Trinitrophenol (TNP) is a nitroaromatic compound
that is widely used in the preparation of military explosives,
pharmaceuticals, matches, insecticides, leather, glass, dyes,
and fireworks [1-3]. Due to its high explosive velocity and
low safety factor, TNP has more intense explosive properties
than the well-known TNT [4, 5]. In addition, its widespread
use in several industries has led to soil and water contam-
ination due to its high water solubility [6-9]. Furthermore,
TNP is also a highly carcinogenic agent with hepatic and
renal toxicity [10-12]. Once TNP enters the body, it can
cause damage to the eyes, skin, respiratory system, nervous
system, liver, and kidneys and even induce a series of health
problems such as anemia, cyanosis, male infertility, and
cancer [13-17]. Given the impact of TNP on human health,
the surrounding environment, and social and public safety
issues, there is an urgent need to establish a rapid and
sensitive method that can be used for on-site trace TNP
detection. So far, many methods applied to TNP detection
such as electrochemistry [18], mass spectrometry [19],

surface-enhanced Raman spectroscopy [20], and colori-
metric methods [21] have been able to meet market demand,
but their application is limited by time-consuming, pre-
treatment processes, expensive instruments, complex op-
erations, and low sensitivity and selectivity. In contrast,
fluorescence-based detection methods are of interest because
of their simplicity of operation, sensitivity, and low cost
[22-25]. The common fluorescence analysis methods for
TNP detection are mainly based on metal nanoclusters [26],
photoluminescent polymers [27], organic frameworks
[28-30], and semiconductor quantum dots doped with
heavy metals [31, 32], which have low stability and envi-
ronmental pollution problems. Therefore, a new fluorescent
material that overcomes these limitations is needed for the
rapid and sensitive detection of TNP.

Currently, carbon dots (CDs), as a novel nanomaterial,
have been extensively applied in bioimaging, chemical
sensors, drug delivery, and photocatalysis due to their
outstanding water solubility, biocompatibility, low toxicity,
and ease of synthesis [33-35]. In this study, we prepared
fluorescent CDs by a simple hydrothermal route using
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citric acid as a precursor. The synthesis process is shown in
Scheme 1. After the addition of TNP, the fluorescence of
CDs was apparently quenched because of the internal filter
effect (IFE). Therefore, the detection of TNP was achieved
by the fluorescence quench of synthetic CDs. In addition,
the effects of pH, ionic strength, incubation time, nitro
analogs, and common metal ions on the fluorescence in-
tensity of the synthesized CDs were discussed. Using the
optimized parameters, the prepared fluorescent probes
were validated and succeeded in the application for the
detection of TNP in tap and river water. Importantly, the
carbon dot functionalized papers prepared using CDs as
probes showed good selectivity and sensitivity for trace
amounts of TNP in water samples, demonstrating their
remarkable potential for real-time and in situ detection of
environmental pollutants.

2. Experiments

2.1. Materials. 2,4,6-Trinitrophenol (TNP) was purchased
from Beijing Zhongke Yingchuang Biotechnology Co.
p-Nitrophenol (NP), p-nitrochlorobenzene (NC), nitro-
benzene (NB), 1-chloro-2,4-dinitrobenzene (CDNB), and
1,3-dinitrobenzene (DNB) were purchased from Aladdin
Co. Water samples were taken from tap water and Jialing
River. All chemicals were of analytical grade and utilized
directly without further purification.

2.2. Characterization. The morphological profile and par-
ticle size distribution of the CDs were assessed using an
FEI Tecnai G2 F20 transmission electron microscope
(TEM). Diffraction patterns of the CDs were recorded with
an X-ray diffractometer (XRD) (X’Pert PRO MPD) at an
accelerating voltage of 40 kV. The chemical composition of
the CDs was obtained by X-ray photoelectron spectros-
copy (XPS) (Thermo ESCALAB 250XI) analysis. Fourier
transform infrared (FT-IR) spectroscopy was carried out
using a Bruker Vertex 70 spectrometer at 4000-500 cm™".
Fluorescence experiments on the prepared fluorescent
CDs and mixtures of CDs with TNP were recorded on an
FS5 fluorescence spectrophotometer in the wavelength
range 300-600nm. UV-Vis absorption spectra were
recorded on a UV-2600 UV spectrophotometer in the
wavelength range 200-600nm. Absolute fluorescence
quantum yields were determined on an Edinburgh
FLS9800 (steady-state transient spectrometer). The CDs
and CDs-TNP complexes were evaluated using a fluo-
rescence lifetime system.

2.3. Preparation of CDs. 1.0507 g of citric acid was added to
10mL of deionized water. The mixed solution was then
transferred to an autoclave (30 mL) lined with Teflon and
heated for 5hours at 200°C. It was cooled to room tem-
perature, filtered through a microporous filter (0.45uM),
and purified using a dialysis bag (MWCO =3500) for 24 h.
Finally, the resulting solution was freeze-dried under a
vacuum to obtain the purified CDs.
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2.4. Detection of TNP. A mixture of CDs and TNP was
obtained by mixing 1 ml of CDs solution (0.2 mg/ml) with
1 ml of different concentrations of TNP (0, 1, 2, 10, 20, 40, 60,
and 80 yM). The solution was kept at room temperature with
shaking for 3 min. The fluorescence quenching effect of CDs
was observed with a fluorescence spectrometer under
340 nm excitation.

2.5. Sample Pretreatment. Tap water and river water samples
were taken locally from Chongging. Water samples were
centrifuged and filtered through 0.45uM microporous
filters.

2.6. Preparation of CDFPs. The CDFPs were prepared as
described in the previous literature [36]. In brief, a wax
printer was used to print a circular hole pattern on one side
and wax on the other side of the chromatography paper. The
wax-imprinted chromatography paper was put on a heating
table and heated at 150°C for 1 min to melt the wax to form a
hydrophobic layer. The prepared carbon dot solution (4 ul)
was placed in each circular hole of the wax-printed paper.
The excess solvent was evaporated in an oven at 50°C.

3. Results and Discussion

3.1. Synthesis and Characterization of CDs. The XRD dif-
fraction pattern (Figure 1(a)) shows a broad peak located at
20=124.1°, comparable to the graphite lattice spacing (002),
which is consistent with previous reports, and confirms that
the synthesized CDs have a similar graphene structure [37].
The morphology and dimensions of the prepared CDs were
characterized by TEM, as shown in Figure 1(b). The syn-
thesized CDs are subspherical in shape and have good
dispersion in aqueous solution. Figure 1(c) shows the lattice
spacing of the prepared CDs. The particle size distribution of
the CDs (Figure 1(d)) shows a narrow range of diameters
from 1.49 to 3.09 nm, with an average diameter of 2.2 nm.
We then investigated the optical properties of the synthe-
sized fluorescent CDs using fluorescence spectroscopy and
UV absorption spectroscopy. As shown in Figure 2(a), CDs
do not have a prominent absorption peak in the visible
region, but there is significant absorption at 200-300 nm.
The fluorescence emission spectra of CDs were obtained at
10nm intervals at different excitation wavelengths in the
range of 310-400nm. As shown in Figure 2(b), the fluo-
rescence spectrum is red-shifted with increasing excitation
wavelength. The carbon dot shift between the emission and
excitation wavelengths is 80 nm, indicating that the syn-
thesized CDs could be used as a candidate analytical ma-
terial. The fluorescence quantum vyield, an important
property of synthetic CDs, is calculated to be 5.9%, which is
comparable to the previously reported yield of undoped
quantum dots [38]. The chemical bonding and functional
groups at the carbon sites were further investigated using
FT-IR spectroscopy (Figure 3(a)). The broad and strong peak
at 3490 cm™' is attributed to the ~OH stretching vibration
[39]. The vibrational peak at 1724 cm™'is thought to be the
C=0 stretching vibration [40]. The stretching peak at
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ScHEME 1: Synthesis of fluorescent CDs and detection of TNP.
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1187 cm™ is attributed to C-O [41]. The bands at 920 cm™
and 780cm™" are identified as out-of-plane bending vi-
brations of the O-H bond. To further investigate the ele-
mental composition of the CDs, they were subjected to
further XPS assays. As shown in Figure 3(b), the wide scan
XPS spectrum shows two peaks centered at 285.3 eV and
533.2 eV, attributed to the C 1s and O 1s signals, respectively
[42]. The C 1s (Figure 3(c)) show three peaks, which cor-
respond to C-C (284.8eV), C-O (286.6¢eV), and O=C-O
(288.8 V), respectively [43]. The O 1s peak (Figure 3(d)) can
be deconvoluted into two peaks, C-O (531.7 eV) and O-C=0
(532.9¢eV) [44]. The peaks associated with the hydroxyl and
carboxyl functional groups in the XPS analysis results are
consistent with the FT-IR spectra of the CDs, favoring
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FiGgure 1: (a) XRD of CDs, TEM image (b), HR-TEM and lattice fringes image (c), and the size distribution (d) of CDs.

solubility and stability in water. The above results indicate
that the blue fluorescent probes are successfully synthesized
and can be further analyzed for applications.

3.2. Parameter Optimization. Various factors such as buffer
pH, ionic strength, and incubation time can affect the
fluorescence intensity of CDs, so a series of experiments
were carried out to optimize the parameters for the analysis
of CDs. Firstly, the influence of PH on the fluorescence of
CDs was studied, and the findings are illustrated in
Figure 4(a). The fluorescence intensity of CDs remained
relatively stable at pH 7.0-9.0. Therefore, we chose the pH
7.0 buffer for the sensitive detection of TNP. The effect of ion
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FIGURE 2: (a) UV absorption spectra and fluorescence excitation (Ex) and emission (Em) spectroscopy. (b) Fluorescence spectra of CDs at

different excitation wavelengths.

concentration was then explored, as shown in Figure 4(b).
The fluorescence intensity remained essentially constant at
different concentrations of NaCl solution, which demon-
strates that CDs can be detected at stronger ionic concen-
trations. In addition, the relationship between incubation
time and carbon dot fluorescence was investigated to as-
certain the altered kinetics of the probes. As shown in
Figure 4(c), the fluorescence of the CDs was effectively burst
during 7 minutes after the incorporation of 20 uM TNP,
indicating that the 7-minute incubation time could be used
for further analytical studies. Therefore, we chose a pH 7.0
buffer incubated for 7 minutes at room temperature for the
sensitive detection of TNP.

3.3. Analysis of Performance. The above optimized analytical
parameters were adopted to detect different concentrations
of TNP and to evaluate the analysis properties of the pre-
sented fluorescent probes. Figure 5(a) shows the fluores-
cence spectra of the fluorescent CDs at 340 nm excitation
under the effect of different levels of TNP. It can be seen that
the fluorescence of the CDs is gradually quenched as the
concentration of TNP increased. We plotted the
Stern-Volmer curve between log (Io/I) and TNP
(Figure 5(b)), where I, and I represent the fluorescence
intensity of CDs in the absence and presence of TNP. It
showed a good linear relationship between the burst of
fluorescence and TNP concentration in the 0-80 uM range
with a regression coefficient (R®) of 0.994. The regression
equation is log (Io/I)=0.007¢ (uM)—0.014. The limit of
detection (LOD) was 0.48uM (30/k, n=3), which was
calculated from the standard deviation (SD) of the response
and the slope of the calibration curve (S), which is

comparable to previous studies (Table 1) in the literature. As
the concentration of TNP increased, the bright blue fluo-
rescence of the CDs-TNP mixture was gradually quenched
under the UV lamp, while a change in colour could be seen
in the CDs-TNP mixture, visually demonstrating the
quenching phenomenon (Figure 5(c)). Therefore, our pro-
posed analytical method has high affinity and sensitivity for
the detection of trace amounts of TNP.

3.4. Study of Possible Mechanisms. To investigate the
mechanism of quenching of the prepared fluorescent probes,
we investigated the optical properties of CDs and CDs-TNP
complexes. In the recently published literature, three
common mechanisms of fluorescence quenching include
fluorescence resonance energy transfer, photoinduced
electron transfer, and fluorescence internal filtration [45]. As
shown in Figure 6(a), the emission spectra of CDs clearly
superimpose on the absorbance spectrum of TNP, sug-
gesting that the fluorescence quenching mechanism may be
IFE or FRET [46]. As shown in Figure 6(b), the addition of
TNP (20uM) changed the fluorescence lifetime from
2.222ns to 2.198ns, which showed little change in fluo-
rescence lifetime, in agreement with previous reports [47],
ruling out the possibility of a quenching mechanism for
FRET and PET [48]. Therefore, the fluorescence quenching
mechanism of CDs was attributed to the IFE between TNP
and CDs.

3.5. Selective Detection. An important factor in the evalu-
ation of the prepared fluorescent probes is selectivity. It was
possible to detect the selectivity of the proposed fluorescent
probes by assessing the change in the fluorescence intensity



Advances in Materials Science and Engineering

500

El
=
8
5 \ T
é O-H
=
[
1l C-H
!
OH
C-0
C=0
" 1 " 1 " 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™!)
()
El
=
z
&
3
=
T T T T T
292 290 288 286 284 282
Binding Energy (eV)
—— ClIs — C-C
—— Overlapping — C-O
—— Background — 0-C=0

(©

280

Ols

£
=1
1<
O
Cls
T T T T
0 200 400 600 800
Binding Energy (eV)
()
El
=
z
g
o
=
T T T T T
536 534 532 530 528
Binding Energy (eV)
— Ols — C-O
—— Overlapping — 0-C=0
—— Background

(d)

FIGURE 3: (a) FT-IR spectra of the CDs. (b) XPS survey of CDs. The high resolution of C 1s (¢) and O 1s (d) spectra of the CDs.
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NaCl concentrations (b) and incubation periods (c).

of the prepared CDs in the presence of TNP and other
similar nitroaromatic compounds (NP, NC, NB, and
CDNB). As shown in Figure 7(a), the fluorescence intensity

of the CDs was significantly quenched by the addition of
TNP compared to the other nitro compounds, showing the
good selectivity of the prepared fluorescent probes for TNP.
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TaBLE 1: Comparison of different methods for the determination of TNP.

Material Linear range (uM) LOD (uM) Reference
CQDs 1-110 1.8 [49]
N-GQDs 1-60 0.3 [50]
BNQDs 0.25-100 0.14 [51]
CDs 0-100 0.02 [52]
CDs 0.5-200 0.2 [53]
CNPs 0.5-100 0.25 [54]
CDs 0-80 0.48 Present work
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FIGURE 6: (a) The UV absorption spectrum of TNP and fluorescence spectrum of CDs. (b) The fluorescence lifetime and fitting curve of CDs.

The selective detection of TNP was also applied to common  3.6. Assaying TNP in Real Aqueous Samples. To test the
metal ions. The results are shown in Figure 7(b). The effect of =~ practical application of the prepared probes, the prepared
metal ions is almost negligible compared to TNP, indicating ~ CDs were used to detect TNP in actual samples. We collected
that the prepared probes still have good selectivity despite  Jialing River water and tap water locally in Chongqing, and
the interference of metal ions. after adding different concentrations of TNP, the recoveries
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TaBLE 2: Results of the recovery analysis of TNP in water samples.

Samples Added Founded Recovery RSD (n=3)
P (umol/L) (umol/L) (%) (%)
Tap water 0.5 0.53 106 2.8
1 1.03 103 2.7
2.2 110 34
River water
0.5 0.49 98 2.8
1 1.01 101 3.2
2 2.04 102 2.6
0 uM 1uM 2uM 10u4M  20uM  40uM  60uM  80uM DNB NB NP NC CDNB  TNP
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FIGURE 8: Sensitivity (a) and selectivity (b) of CDFPs to TNP detection.

were analyzed and the findings are demonstrated in Table 2,
where the recoveries of the samples ranged from 98% to
110% with relative standard deviations of less than 5% for
each sample for three experiments. The analytical method
proved to have good accuracy and recovery. Therefore, the
sensor can be implemented for the detection of real samples.

3.7. Detection of TNP by CDFPs. To demonstrate the rapid
sensitivity and easy portability of CDs for TNP detection, the
CDEFPs were prepared by immersing filter paper in solutions
of different concentrations of CDs and drying at room
temperature. It was found that the functionalized paper
immobilised with 400 ug/mL CDs showed the strongest
fluorescence under UV light. Therefore, a carbon dot con-
centration of 400 yg/mL was chosen as the optimum con-
centration for the preparation of CDFPs. The functionalized
paper immobilised with 400 yg/mL CDs was treated with
different concentrations of TNP, as shown in Figure 8(a).
The fluorescence intensity of the indicator paper gradually
decreased as the TNP concentration increased from 0 to

80 uM, indicating a rapid and naked-eye sensitive detection
of TNP. Because of the relatively low emission backdrop of
the chromatography paper, we chose a portable laser lamp at
254 nm, although the photoluminescence of the CDs was
stronger at 360 nm excitation. In addition, we examined
common nitro analogs using the prepared carbon dot
functionalized paper. The results are shown in Figure 8(b),
where the fluorescence quench of TNP on CDs is visible to
the naked eye under UV lamp irradiation, demonstrating its
potential application in the field for the detection of TNP.

4. Conclusion

In summary, we synthesized environmentally friendly CDs
using citric acid as the precursor. The prepared CDs showed
excitation-dependent behavior at 310 nm-400 nm with a
fluorescence QY of 5.9%. The results show that the syn-
thesized CDs can be used as detection probes for TNP with
high selectivity and sensitivity in the range of 0-80 uM TNP
concentration and a detection limit of 0.48 uM. More



importantly, the CDFPs we prepared were effectively used in
actual water samples, showing promising potential for field
monitoring of environmental water samples.
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