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ABSTRACT

Development of inexpensive and environmentally friendly chemical sensors can
help improve the global ecological environment and reduce pollutant emissions.
In this work, asphaltene of coal liquefaction by-product was employed as the
carbon source to fabricate carbon dots (CDs) by straightforward microwave
radiation. The asphaltene-based CDs gave out blue emission under UV light
excitation. Interestingly, the CDs are highly lipophilic because of its carbonized
structure and insufficient hydrophilic groups. Based on these findings, an out-
standing fluorescent sensor for 2,4,6-trinitrophenol (TNP) was developed by
loading asphaltene-based CDs into polymeric micelles. The micelle formed by
nonionic tri-block copolymers exhibited a hydrophobic inner cavity and
hydrophilic surface. Due to the protection of the micelles, the emission of
asphaltene-based CDs was enhanced by 2.89 times. But the fluorescence was
significantly quenched by TNP through energy transfer and electron transfer
mechanism, showing high sensitivity to TNP with a detection limit of 0.21 uM.
The findings presented here provide a green method to synthesize fluorescent
CDs and a promising strategy to design fluorescent probes.
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Introduction

Coal, a widely used fossil fuel, plays a significant role
in power generation, metallurgical industry, and
chemical manufacturing [1-3]. However, combustion
of coal for electricity generation releases a large
number of nitrogen oxides, sulfur oxides, carbon
oxides, and solid particles into the atmosphere,
leading to a serious environmental pollution [4, 5].
With the inherent nature of high molecular weight,
raw coal requires chemical conversion to make full
use of it [6-8]. The conversion of coal to clean liquid
fuel products through direct coal liquefaction under
high temperature and high pressure hydrogenation is
ideal for producing petroleum substitutes [9]. In this
process, organic soluble heavy by-products mainly
including asphaltene (toluene soluble) and preas-
phaltene (toluene insoluble and tetrahydrofuran sol-
uble) are generated [10, 11]. How to convert these
heavy products into high valued materials is of great
significance to improve coal's comprehensive
utilization.

Fluorescent carbon dots (CDs), as a new class of
luminescent nanomaterials, have shown potential
applications in photoelectricity, catalysis, and sensor,
owning to their high quantum yields, tunable pho-
toluminescence, and convenient preparation [12-18].
To date, the synthesis of CDs can be divided into
carbonization of small organic molecules (“bottom-

up” strategy) and cutting of large-sized carbon
materials (“top-down” strategy) [19, 20]. Typically,
chemical oxidation [21], laser ablation [22], arc dis-
charge [23], or hydrothermal synthesis [24] were
commonly employed. For instance, Wang et al. [25]
used liquid fuels as raw material to prepare CDs via
chemical oxidation approach for Cu®* ions sensing in
rat brain microdialysate. Yu et al. [26] reported
employing toluene as carbon precursor to produce
CDs by unfocused laser irradiation approach. How-
ever, these methods involved using highly oxidizing
reagents (e.g., HNO; and H,50,4) or complex equip-
ment. Therefore, exploring green synthetic strategy
with cheap raw materials for luminescent CDs is still
desirable.

The 2,4,6-trinitrophenol (TNP), as one of nitroaro-
matic explosives, had been used extensively in the
military industrial during the First World War,
because it possesses far more potent explosive violent
than of 2,4,6-trinitrotoluene (TNT) [27, 28]. Currently,
TNP has been widely used to fabricate dyes, pig-
ments, pesticides, and pharmaceuticals [29, 30]. TNP
easily causes water and soil pollution, which is
inevitably discharged into the human living envi-
ronment [31]. Furthermore, TNP is a potent allergen
and irritant, long-term exposure of which may cause
several health problems such as anemia, abnormal
liver functions, and skin irritation [32]. Additionally,
TNP may convert into its by-products, which have
more additional mutagenic activity than TNP itself
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[33]. Therefore, urgent needs led us to develop a
rapid, sensitive and selective detection method for
TNP among various nitroaromatic explosives for
monitoring environmental pollution and protecting
human health.

Herein, we developed a micelle-based fluorescent
nanoprobe to detect TNP in water samples. The
nanoprobe was made of asphaltene-based CDs and
nonionic type polymeric micelles. Asphaltene-based
CDs were synthesized by a microwave radiation
method using asphaltene as raw material. This syn-
thesis process is friendly and no waste products are
generated. The asphaltene-based CDs were encap-
sulated in micelle formed by self-assembly of Pluro-
nic F-127, which was the representative nonionic
poly(ethylene oxide)-poly(propylene oxide)-poly(-
ethylene oxide) tri-block copolymers. The micellar
probe exhibited excellent fluorescent emission at
390 nm under 320 nm excitation. Additionally, the
fluorescent emission of micellar probe can be effec-
tively quenched by TNP with energy and electron
transfer mechanism. Thus, the developed probe
exhibits high sensitivity and selectivity toward TNP.

Experimental section
Chemical and materials

Coal liquefaction residue is derived from the PDU
pilot-plant in Shanghai Institute of Shenhua Co., Ltd.
Pluronic® F-127 (F-127) was purchased from Sigma-
Aldrich. 2,4,6-trinitrophenol (TNP), 2,4,6-trinitro-
toluene (TNT), 24-dinitrotoluene (DNT), p-nitro-
toluene (NT), and p-nitrophenol (NP) were
purchased form Shandong West Asia Chemical
Industry Co., Ltd. Phenol, acetonitrile, 1-octadecene
(ODE), cyclohexane, n-hexane, toluene, and dichlor-
omethane (DCM) were from Shanghai Titan Tech-
nology Co., Ltd.,.

Extraction of asphaltene from coal
liquefaction residue

The asphaltene used in this study was obtained by
solvent extraction [34]. Briefly, coal liquefaction resi-
due was wrapped with filter paper and placed in a
Soxhlet extractor, which was continuously extracted
with n-hexane to remove heavy oil without distillate
that was from coal after high temperature and high
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pressure hydrogenation. Then, the n-hexane insol-
uble fraction was further extracted with toluene, and
the extraction solvent was treated with rotary evap-
oration. The residual solid from rotary evaporation
were dried under vacuum at 80 °C for 24 h and the
asphaltene was obtained (asphaltene is soluble in
toluene and insoluble in n-hexane).

Synthesis of asphaltene-based CDs

The preparation of asphaltene-based CDs employed
microwave-assisted synthesis method. In brief,
asphaltene was milled firstly using a planetary ball
mill for 2 h to obtain ultrafine powder. Then, 20 mg
of asphaltene powder was added into 100 mL of
ultrapure water in a 250 mL four-necked flask. The
mixture was heated to 100 °C in the multifunctional
microwave  synthesizer (Sineo, = UWave-2000,
2450 MHz, 600 W) and kept for 6 h under vigorous
stirring. After cooling down to room temperature, the
asphaltene-based CDs dispersion was obtained by
removing unreacted asphaltene via centrifugation
(10000 rpm for 10 min).

Probe assembling and fluorescence
detection of TNP

Firstly, 0.4 g of surfactant F-127 was added into
15 mL of CDs dispersion under magnetic stirring
overnight at room temperature to form the micellar
nanoprobe. Then, a series of different concentrations
of TNP was added into 1 mL of nanoprobe disper-
sion. The emission spectra were measured under the
excitation wavelength of 320 nm after mixed evenly.
The selectivity of nanoprobe was evaluated by add-
ing various explosives instead of TNP in a similar
way, including TNT, DNT, NP, NT, and phenol.

Results and discussion
Green synthesis of asphaltene-based CDs

The asphaltene for CDs preparation was obtained
from direct coal liquefaction as a kind of heavy by-
product. Oxidation and carbonization were key pro-
cesses to transform the carbon-rich asphaltene to
CDs. Traditional methods employed oxidizing
reagents, such as HNO3; and H,SO,, raising the pol-
lution of wastewater [35]. In this work, microwave-
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Figure 1 a Schematic representation of the synthesis process for
the asphaltene-based CDs. b TEM image of the CDs. Inset: high-
resolution TEM image. ¢ FT-IR spectra of the asphaltene and
CDs.

assisted synthesis was utilized to carbonize asphal-
tene/water mixture under air condition, while the
molecule oxygen could participate in asphaltene
oxidation (Fig. 1a). After microwave irradiation for
6 h, the generated CDs were dispersed in water
(Fig. S1), which can be easily separated by removing
large-sized asphaltene.

The morphology of CDs was characterized by TEM
firstly. The image in Fig. 1b showed that the CDs
were quasi-spherical in shape and the average size
was 3.2 nm (Fig. S2). High-resolution TEM image
(inset of Fig. 1b) indicated the lattice spacing of about
0.21 nm, which could be attributed to the (100) plane
of graphitic carbon [36]. UV-vis absorption spectrum
of CDs confirmed the n —n* transition of the aromatic
carbon core (Fig. S3). The FT-IR spectra confirmed
the structure change under the microwave-assisted
preparation process. Compared with asphaltene, the
stretching vibration (2850 and 2918 cm™') and the
bending vibration (1425 cm™") of the C-H in the CDs
were significantly attenuated, while the vibration of
the O-H (3300-3500 cm™") and C-O (1055 cm™")
were enhanced. The increasement of oxygen-con-
taining functional groups indicated the oxidation
process during microwave irradiation.

Moreover, the XPS measurement (Fig. 2) was taken
further to confirm the chemical composition of the
asphaltene-based CDs. The XPS survey spectrum
showed that CDs mainly contained C (56.49%) and O
(42.25%) elements, while a handful of N (1.18%) and
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Figure 2 a XPS full survey of asphaltene-based CDs, and the
high-resolution spectra of bC 1s,cO 1s,and d N 1 s.

5 (0.07%) were existed (Table S1). The high-resolution
C 1 s spectrum showed C-C/C=C (284.7 eV), C-O
(286.2 eV), and -COOH (289.1 eV). The O 1 s signal
could be divided into two peaks, which were attrib-
uted to C=0 (532.2 eV) and C-O (533.0 eV). The weak
N 1 s peak was deconvoluted into three components:
pyridinic N (399.2 eV), pyrrolic N (400.2 eV), and N-
H (402.1 eV) [37]. Taken structure characterizations
together, the asphaltene-based CDs prepared by
microwave irradiation possess a high carbonization
degree and a small amount of oxygen-containing
chemical groups on the surface.

The fluorescent properties of CDs

The synthesized CDs exhibited desired fluorescence
properties in water dispersion. Figure 3a depicts a
blue emission band of asphaltene-based CDs with
maximum emission wavelength at 390 nm under UV
light excitation. The emission intensity of CDs
reached the maximum when the excitation wave-
length was 270 nm. Simultaneously, the variation of
excitation wavelength did not change the position of
blue emission peak (Fig. S4). Very strikingly, the
developed CDs exhibited more hydrophobic phe-
nomenon due to the existence of crystalline carbon.
As shown in Fig. 3b, the CDs in water were extracted
with organic solvent (dichloromethane or 1-oc-
tadecene), and apparent blue fluorescence was
observed in the organic phase. The amount of -OH
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Figure 3 a 3D fluorescence image of asphaltene-based CDs
dispersion (0.1 mg/mL). b Optical photographs of the mixture of
asphaltene-based CDs dispersion with dichloromethane (DCM,
left) and 1-octadecene (ODE, right) under ultraviolet light.
¢ Schematic illustration of the process for self-assembly of
F-127 into micelle with asphaltene-based CDs. d Size distribution

and -COOH groups of CDs was not enough to sup-
port the highly hydrophilic feature. According to this
peculiarity, we designed a micelle-enhanced strategy
to improve the water dispersibility of CDs (Fig. 3¢).
The nonionic block copolymer F-127 was used to
form nanomicelle with hydrophilic surface and
hydrophobic core [38, 39]. The size of nanomicelle
measured by dynamic light scattering (DLS) was
about 32.75 nm (Fig. 3d). The asphaltene-based CDs
could enter the core of nanomicelle after vigorous
stirring owing to the hydrophobic property and small
size. The size of formed CDs-micelle was 32.65 nm
(Fig. 3e), which indicated that the loading of CDs
caused negligible effect on the size of the micelles.
More importantly, the emission intensity increased
significantly by the protection of nanomicelle. Fluo-
rescent emission spectra in Fig. 3f showed that the
emission intensity of CDs in nanomicelle increased
by 2.89 times without shifting of emission. Mean-
while, the fluorescent lifetime of CDs increased from
8.14 to 10.56 ns due to the protective effect of micelles
(Fig. 3g and Table S2). The CDs-micelle dispersion
also exhibited high stability. After one month of
storage at room temperature, negligible precipitation
or fluorescence decline was observed for the
nanomicelle protected CDs (Fig. S5).

@ Springer

(d)

Intensity (a.u.)

J Mater Sci (2023) 58:902-910

16 © 16
= | F-127 = |l F-127 + CDs
< 12 < 124
2 8- 2 81
g g
£ 44 £ 44
_ 0
25 50 75100 25 50 75100
Size (nm) Size (nm)
(9)
10000 — 600
8000 1 — CDs in micelle [ ~ 1 o CDs
] CDs 2400_ @ CDs in micelle
6000—. z
4000 ~ 2 200
2000 - g
1 -0
0 T T LI LI 0 LN LA L L B |
350 400 450 500 550 0 10 20 30 40 50

Wavelength (nm) Time (ns)

of F-127 micelle from DLS. e Size distribution of F-127 micelle
with asphaltene-based CDs from DLS. f Fluorescent emission of
CDs dispersion (0.1 mg/mL) with and without F-127 micelle.
g Fluorescent decay curves of CDs dispersion (0.1 mg/mL) with
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Fluorescence detection of TNP

Thanks to the excellent dispersibility and outstanding
fluorescent emission, the CDs in nanomicelle can be
employed as a nanoprobe for fluorometry. Because of
the carbon conjugate structure and hydrophobic
characteristics of asphaltene-based CDs, we tested
the sensitivity of nanoprobe to TNP. As shown in
Fig. 4a, the emission of the micellar probe at 390 nm
was significantly quenched by TNP, and the fluo-
rescent intensity was reduced by 76% after the
addition of TNP with 48 uM. The result demon-
strated that the asphaltene-based CDs micellar probe
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Figure 4 a The emission spectra of asphaltene-based CDs in
F-127 micelle (excitation: 320 nm) with different amount of TNP.
b The linear relationship of fluorescence quenching Fy/F versus
the concentration of TNP.
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had an extremely sensitive response to TNP. By
plotting the Fy/F versus the concentrations of TNP
(Fp and F represented the fluorescent intensities at
390 nm without and with TNP, respectively), the
linear range can be obtained ranging from 0.5 to
10 uM and 15 to 48 puM, respectively (Fig. 4b). The
limit of detection (LOD) was estimated to be 0.21 uM.
By comparison with the reported literatures, it is clear
that the developed method exhibits superiority in
terms of sensitivity for TNP determination (Table S3),
which guarantees the detection of TNP in water
samples.

Mechanism study

In order to understand the origin of the high sensi-
tivity of the fluorescent CDs-micelle dispersion
toward TNP, the intrinsic mechanism of quenching
was further investigated. As shown in Fig. 5a, there is
a spectral overlap between the absorption of TNP and
the emission of asphaltene-based CDs, which permits
the energy transfer from the excited state of CDs to
the ground state of TNP, resulting in the fluorescence
quenching of CDs [30]. Meanwhile, the introduction
of TNP shortened the lifetime of excited state of CDs
(Fig. 5b and Table S2), the fluorescent lifetime of CDs
in micelle was 10.56 ns, but it reduced to 9.19 ns
when 30 uM of TNP was added. This result further
proved the mechanism of energy transfer. Moreover,
spectral overlap between the absorption of TNP and
the excitation/emission of CDs could lead to the
quenching by inner filter effect at high concentration
of TNP.

The selectivity experiment revealed a coexisting
quenching pathway. We compared the fluorescence
quenching with structure similar aromatic nitro-
compounds, including p-nitrophenol (NP), phenol,
2 4-dinitrotoluene (DNT), p-nitrotoluene (NT), and
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Figure 6 The selectivity of micellar nanoporbe toward structure
similar analytes. The concentration of all of the analytes is 30 pM.
Fy and F represented the fluorescent intensities at 390 nm without
and with the analyte, respectively.

2,4,6-trinitrotoluene (TNT). As shown in Fig. 6,
quenching efficiency for TNP was much higher than
other nitro-compounds and phenol. However, these
compounds can also cause small amounts of fluo-
rescence quenching. The UV—vis spectra showed that
none of these compounds had significant absorption
at the emission band of asphaltene-based CDs except
NP (Fig. S6). This suggests that there are still other
forms of quenching mechanism besides energy
transfer. Due to the presence of nitro group, these
compounds exhibit strong electron-deficient proper-
ties. Thus, the electron transfer from asphaltene-
based CDs to the acceptor of aromatic nitro-com-
pound occurred [40]. As shown in Fig. 7, the
quenching efficiency was evaluated with the Stern—
Volmer equation: (Fy/F) =1 + K [TNP]. The K,
value for TNP was calculated to be 6.778 x 10* M,
indicating the high quenching efficiency. NP resulted

Figure 5 a The absorption (a) (b) 600
spectrum of TNP and emission 104 ——Abs/TNP —— Em/CDs 1 i
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Figure 7 Stern—Volmer plot of the micellar probe in the presence
of TNP, NP, and TNT, respectively.

in the K, of 2457 x 10* M, due to the energy
transfer and electron transfer mechanisms. Since only
electron transfer quenching exists, the K, value for
TNT is 6.57 x 10° M~!, which is an order of magni-
tude lower than that of TNP. The above results
indicated that the quenching of asphaltene-based
CDs by TNP was induced with energy transfer and
electron transfer, providing outstanding selectivity to
TNP.

Lake water analysis

To explore actual applications of the developed
asphaltene-based CDs probe, we have utilized it to
quantitatively determine TNP in lake water samples
from our campus. The various concentrations of TNP
were added into the resultant water sample and
analyzed with the proposed method. The determi-
nation results are shown in Table 1. It was evident
that spiked recoveries were in the range of
98.2-105.6%, and the RSD was lower than 1.84%. As a
consequence, the developed fluorescent probe was
effective to TNP and the coexisting substances in lake

Table 1 Recovery test of proposed method for TNP in lake water

Sample Spiked (uM) Found (uM) Recovery (%) RSD (%)

1 5 5.19 103.8 1.84
2 10 10.56 105.6 1.57
3 15 14.73 98.2 1.59

@ Springer

water caused negligible interference. This result
indicated that the present method has great potential
for determination of TNP in real samples.

Conclusions

In conclusion, a new type of fluorescent probe was
developed using asphaltene-based CDs as a fluo-
rophore. Conversion of asphaltene into functional
CDs with fluorescent properties improved the com-
prehensive utilization of coal. The proposed probe
exhibited superior sensitivity to aromatic nitro-com-
pound of TNP. Mechanism studies recovered that
energy transfer and electron transfer were the main
cause of fluorescence quenching. We hope these
results would offer a novel idea to design CDs-based

sensor with resource-saving, sensitivity, and
convenience.
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