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� Polyethylenimine capped carbon
quantum dots (PEI-C-dots) sensor
developed for TNT.

� Fluorescence quenching via donor–
acceptor interaction enabled TNT
sensing.

� The quantum yield of the PEI-C-dots
was 54% and LOD for TNT as low as
93 lg/L.
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common ions, and camouflage
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on a basic anion exchanger before
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In recent years, the determination of 2,4,6-trinitrotoluene (TNT) explosive residues in various matrices
has attracted great interest from the perspective of national security and public health. Here, a fluores-
cent polyethylenimine capped carbon quantum dots (PEI-C-dots) probe was synthesized by a
microwave-assisted technique using polyethylenimine and citric acid precursors and used to detect
TNT. The sensing mechanism of TNT is based on fluorescence quenching as a result of the donor–acceptor
interaction between Meisenheimer anion form of TNT and PEI on the PEI-C-dots surface. The fluorescence
quantum yield of the synthesized PEI-C-dots was 54% and the detection limit for TNT was 93 lg/L. It was
observed that neither the nitramine group (HMX and RDX) explosives with similar structures nor com-
mon soil ions and camouflage agents interfered with the determination of TNT. The interference effect of
picric acid was eliminated by removing it with a basic anion exchanger before the determination. This
nanosensor allows rapid, simple, selective, and sensitive determination of TNT residues in complex matri-
ces and has the potential to be converted into a kit format.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Carbon quantum dots (C-dots) are an important class of car-
bonic nanomaterials [1]. There are various carbonic nanomaterials
such as carbon nanotubes, nanodiamonds, fullerenes, graphene
sheets [2]. C-dots have become prominent among the nanocarbon
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family due to their abundance and cheapness [1,3]. Quantum dots
with a size of less than 10 nm have attracted extensive attention
due to their superior properties such as low toxicity, low cost, high
biocompatibility, chemical inertness, and especially excellent fluo-
rescent properties [4,5]. Due to their fluorescence properties, they
are also called fluorescent carbon nanoparticles [2]. Electron accep-
tors or donors in solution can quench the fluorescence of quantum
dots; photoexcited C-dots are excellent electron acceptors and
electron donors [1]. The fluorescent properties of C-dots make
them ideal nanoprobes for the detection of environmentally
important substances. C-dots not only display strong luminescence
and small size characteristics like traditional quantum dots (QDs),
but also has distinct superiorities such as good aqueous dispersibil-
ity, high conductivity and low toxicity that are not commonly
found in traditional QDs [6]. Fine-tuning the surface chemistry of
C-dots enables their exploitation as either electron donors or
acceptors; charge transfer is the key that opens the way of many
applications, such as photocatalysis, photosensing, or photosensiti-
zation [7]. C-dot nanoprobes have been widely utilized in various
fields including sensing, biomedical imaging, catalysis, drug deliv-
ery, energy conversion, and photovoltaic devices [8–10]. In addi-
tion, fluorescence-based nanosensors can also be used for ion
detection and measurement of pH [5].

C-dots can be synthesized using two main approaches, includ-
ing top-down and bottom-up synthetic approaches. The top-
down approach includes the arc-discharge method, laser ablation,
and electrochemical methods. The bottom-up approach uses small
molecules such as fructose and glucose to synthesize C-dots by
applying external energy including thermal routes, hydrothermal
methods, and microwave-assisted methods [3]. The various carbon
precursors such as carbohydrates [11], citrate [12], and polymer–
silica nanocomposites [13] have been used to synthesize C-dots.

C-dots consist of two parts: the first part is a sphere-like core
and is formed by the regular or irregular stacking of multiple gra-
phene pieces; the other is composed of rich functional groups dis-
tributed on the C-dots surface [14]. These functional groups such
as carboxylic acid, ether, carbonyl, epoxy, amino, and hydroxyl
on their surfaces provide high hydrophilicity. It is also made ready
for functionalization with various inorganic, organic, polymeric, or
biological species [3]. C-dots have tunable photoluminescence
properties and exhibit multi-color emission associated with excita-
tion. The relationship between the chemical groups and the carbon
core surrounding them affects the fluorescence of C-dots [14].

Two fluorescence emission mechanisms have been proposed for
C-dots: The first mechanism is defect state emission (due to sur-
face functional groups), and the second mechanism is intrinsic
state emission (due to core composition) [15,3]. The green emis-
sion with a longer wavelength is from the defect states and the
blue emission with a shorter wavelength is from the intrinsic state
emission. Zhu et al. showed the green color of C-dots modified with
amino functional groups and the blue color of C-dots reduced by
sodium borohydride [15]. It is more difficult to govern the fluores-
cence properties of C-dots via changing their core composition
rather than controlling their surface functional groups [3]. There-
fore, surface passivation is often preferred to increase the quantum
yield of C-dots [1]. Passivating agents with amino-containing
molecules or polymers such as 1-hexadecyl amine [16], octadecy-
lamine [17], PEG1500N, N-(b-aminoethyl)-c-aminopropyl methyl
dimethoxy silane [18] are used.

C-dots have been used in various analytical applications such as
the determination of glucose, acetylcholine, and metal ions. In par-
ticular, it has been reported that precursors have an important role
in determining the selectivity of C-dots [3].

2,4,6-trinitrotoluene (TNT), a common explosive compound, is
widely used in many areas, mainly in the military and aerospace
industries, fireworks manufacturing industries, and forensic cases
2

[19]. The long-term use, storage, and discharge of TNT in these
industrial areas, as well as its widespread use in landmines and
underwater blasting also cause soil and groundwater pollution
[19]. TNT is a toxic and mutagenic compound that is both safety
hazardous and harmful to human-wildlife health and the environ-
ment. Therefore, sensitive, accurate, and rapid detection of TNT is
an indispensable issue for building a green environment and a safe
society [20]. Many methods based on techniques such as infrared
and Raman spectroscopy [21], gas chromatography [22], mass
spectrometry [23], solid-phase microextraction [24], immuno-
assay [25], thermal neutron analysis [26], electrogenerated chemi-
luminescence [27] have been developed for TNT determination in
various samples. However, most of these developed methods have
limitations such as being expensive techniques and requiring com-
plex synthesis processes [19]. Fluorescence-based methods involv-
ing several mechanisms have been also developed for the
determination of TNT. Fluorogenic reagent-based sensors are used
for the detection of explosives such as TNT, HMX, RDX, and PETN
because of the fluorescence quenching properties of nitro-
containing explosives toward various fluorophores. By virtue of
the electron-accepting property of –NO2 groups in TNT, its LUMO
(lowest unoccupied molecular orbital) can accept an excited elec-
tron (at p*-orbital) from the PEI-modified C-dot fluorophore,
thereby causing a Stokes shift and fluorescence quenching of the
fluorophore [20]. In this context, we designed a C-dot � based flu-
orescence method for TNT determination by using the intrinsic flu-
orescence of polyethylenimine � capped C-dots (PEI-C-dots) and
the fluorescence quenching feature of the nitro group in TNT. In
the proposed sensor, firstly PEI-C-dots were synthesized using
citric acid as carbon precursors and polyethylenimine (PEI) as the
capping and functionalizing reagent by microwave-assisted tech-
nique. The fluorescence of the synthesized PEI-C-dots was
quenched via the Meisenheimer anion formed from TNT in alkaline
medium. In the proposed sensor, the fluorescence of PEI-C-dots
was quenched linearly depending on TNT concentration to enable
a simple and sensitive assay.
2. Materials and methods

2.1. Chemicals and instrumentation

PEI, citric acid, quinine sulfate, sulphuric acid, ethanol, metha-
nol, acetonitrile, acetone, sodium hydroxide, 2,4,6-trinitrophenol
(picric acid, PA), dimethyl sulfoxide, and Dowex� 1X8 chloride as
strongly basic anion exchanger resin, clean sandy (RTC brand) soil
were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and
Merck (Darmstadt, Germany). TNT, 2,4-dinitrotoluene (DNT), 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX), 1,3,5,7-tetranitro-1,3,5,7-tet
raazacyclooctane (HMX), Octol (30% TNT + 70% HMX), and Com-
posite B (Comp B; 39% TNT + 60% RDX + 1% wax) were donated
by the Mechanical and Chemical Industry Corporation (MKEK) of
Turkey for past projects.

Milestone ETHOS ONE microwave system (Shelton, CT, USA)
was used for the PEI-C-dots synthesis process. VARIAN Cary Eclipse
spectrofluorometer (Mulgrave, Victoria, Australia) was used for the
emission spectra and intensity measurements. The wet-STEM
images of synthesized PEI-C-dots were obtained using FEI QUANTA
FEG SEM 450 (at the cooling temperature of 2 �C, in vacuum). Four-
ier transform infrared (FTIR) spectra of the PEI-C-dots were
recorded using Agilent Cary 630 with ATR (Santa Clara, California,
United States). The Horiba Jobin Yvon SPEX Fluorolog 3-2iHR
(Palaiseau, France) was used for time resolved fluorescence mea-
surements. The chromatographic determination for validation of
the proposed sensor was performed using a Waters Breeze 2 HPLC
system (Waters Associates, Milford, MA, USA).
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2.2. Synthesis of the PEI-C-dots

The PEI-C-dots were synthesized in one step at a low tempera-
ture and short time using microwave-assisted synthesis, in which
0.5 g of PEI and 1.0 g of citric acid were dissolved in 20 mL of
hot water and placed into an MAE vessel. The temperature of the
system was raised to 180 ℃ within 5 min and kept at 180 ℃ for
5 min. The microwave power (0–1500 W) of the MAE system with
closed vessels was adjusted automatically according to tempera-
ture. The PEI-C-dots obtained as reddish-brown were cooled and
kept at 4 ℃ until analysis.

2.3. Quantum yield (QY) measurement of the synthesized PEI-C-dots

The QY of the synthesized PEI-C-dots was calculated relative to
quinine sulphate (QS) in 0.1 M H2SO4 by the following equation
(Eq. (1)):

QS ¼ QRx
IS
IR
x
AR

AS
x
g2
S

g2
R

ð1Þ

where QS is the QY of the sample, QR is the QY of the reference,
IS is the fluorescence intensity of the sample, IR is the fluorescence
intensity of the reference, gS is the refractive index of the sample,
gR is the refractive index of the reference, AS is the absorbance of
the sample, and AR is the absorbance of the reference. Quinine sul-
fate was chosen as the reference fluorophore, and the QY of QS was
0.54. The refractive index of water is 1.33. The synthesized PEI-C-
dots were dissolved in distilled water (gS = 1.33) and quinine sul-
fate was dissolved in 0.1 M H2SO4 (gR = 1.33).

2.4. Determination of TNT using PEI-C-dots based fluorometric turn-off
sensor

The application of the method is briefly summarized as follows;
x mL of sample, (480-x) mL of ethanol, 20 mL of NaOH (1 M), and
2.5 mL of PEI-C-dots (stock solution diluted 10,000 times) were
added to a tube, respectively. After the solution was thoroughly
mixed, the fluorescence emission was measured at 442 nm with
an excitation of 354 nm. A blank solution was prepared by adding
the same volume of solvent instead of TNT solution. The calibration
equation of TNT was obtained using the graph plotted as fluores-
cence quenching values of the sample solutions versus analyte
concentrations.

2.5. Interference studies

The potential interference effects on the determination of TNT
with the proposed sensor were investigated by taking 1- and 5-
folds (as concentration ratio) of the interferent ions commonly
found in soil. RDX and HMX were added at the ratios of 1-, 2-,
5-, 10-fold of TNT to prepare these binary mixtures. To investigate
the interference effects of potential camouflage materials in the
determination of TNT with the proposed sensor, the camouflage
material:analyte weight ratio was taken as 1. The recovery (%) of
TNT in complex matrixes was calculated using the calibration
equation of TNT with the proposed sensor.

2.6. TNT determination in artificially contaminated soil

The soil sample (2.00 g) artificially contaminated with 2.5 mL of
TNT (500 lg/mL) was then left to air dry overnight. The dry soil
sample was centrifuged by treating it with ethanol in three por-
tions, respectively, in an ultrasonic bath, and the soil was removed
from the solution part. The combined solutions were used for anal-
ysis after filtering through a 0.45 mm microfilter. The amounts of
3

TNT in the obtained solutions were determined after appropriate
dilutions using both the proposed nanosensor and HPLC-DAD sys-
tem. The amount of TNT was determined using the HPLC-DAD
system-based method reported by Erçağ et al. [28]. In the applied
RP-HPLC method, an isocratic elution program was used by using
40% MeOH + 60% H2O (v/v) mixture as mobile phase at a flow rate
of 0.8 mL min�1 and chromatograms recorded at 254 nm wave-
length were used.

2.7. Statistical analysis

Mean values and their standard errors were calculated using
Excel software (Microsoft Office 365). Two-way analysis of vari-
ance (ANOVA) (Windows, SPSS software (version 13)) was used
to evaluate the data.
3. Results and discussion

3.1. Measurement principle of TNT

In this study, we developed a PEI-C-dots based fluorometric
method for the determination of TNT by using these favorable
properties of the fluorophore probe. In the proposed sensor, firstly
we synthesized PEI-C-dots using citric acid and PEI by microwave-
assisted synthesis technique. Citric acid was chosen as the carbon
precursor because of its well-known low carbonization tempera-
ture (less than 200 �C) to synthesize C-dots. Most C-dots synthesis
methods (bottom-up approaches) are performed at high tempera-
tures (usually > 300 �C) to ensure complete carbonization of carbon
sources. But this may destroy the capping and functionalizing
reagents and thus cause the loss of functional groups and bad sur-
face passivation [29]. PEI was used as the capping and functional-
izing reagent (passivation agent) in the proposed sensor. Surface
passivation with organic molecules or polymers is required to
increase the fluorescence intensity of C-dots. For instance, before
and after passivation with 4,7,10-trioxa-1,13-tridecanediamine
(TTDDA), the QYs of C-dots were found 1% and 13%, respectively
[11]. The QY of the PEI-functionalized C-dots was calculated to
be 54% in this study. The high QY of the synthesized PEI-C-dots
shows that their surfaces are well passivated. Moreover, according
to FTIR analysis, the strong linkage (–CONH–) formed between the
–NH2 groups of PEI and –COOH groups of citric acid is an indicator
of well passivation [29]. In the second step of the proposed sensor,
the fluorescence of the synthesized PEI-C-dots is quenched by
Meisenheimer anion formed from TNT in alkaline medium
(Scheme 1). Charge transfer from the amine-groups of PEI-C-dots
to the electron-withdrawing nitro-groups of TNT to form a r-
donor and r, p-acceptor complex leads to quenching of fluores-
cence. The core structure of C-dots serves as the charge transfer
mediator [6], and amino groups derived from PEI constituent of
modified C-dots donate electrons to TNT molecules to form a
Meisenheimer-type complex [30].

3.2. Characterization of the synthesized PEI-C-dots

The wet-STEM images and colour of light emitted by PEI-C-dots
synthesized using citric acid and PEI with microwave-assisted syn-
thesis technique are presented in Fig. 1, showing that the synthe-
sized PEI-C-dots are spherical and homogeneous, and have an
average size of 12 nm. In addition, the photograph of the mixtures
of citric acid and PEI before and after the microwave-assisted syn-
thesis technique is given in Fig. 1. Accordingly, it is seen that the
synthesized quantum dots with microwave-assisted technique
emit blue light under UV radiation (365 nm). In recent years, C-
dots having different color-emitting properties (from blue to red)



Scheme 1. Schematic illustration of the PEI-C-dots based fluorometric sensor for detection of TNT.

Fig. 1. The wet-STEM images and blue light emission of synthesized PEI-C-dots.
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have been synthesized with various methods. However, C-dots
that emit blue light are commonly prepared. These quantum dots
have a high QY and show strong fluorescence emission [14].

For the characterization of the synthesized PEI-C-dots, the FTIR
spectra of the pure precursor components (PEI and citric acid) and
4

the synthesized PEI-C-dots are shown in Fig. 2. The characteristic
bands of pure PEI at 3332 cm�1 and 1580 cm�1 belong to amino
groups [31]. The bands at 2922 and 2800 cm�1 are attributed to ali-
phatic carbon atoms [29]. The characteristic bands of citric acid at
3340 cm�1 and 3000 cm�1 are attributed to the stretching vibra-



Fig. 2. FTIR spectra of synthesized PEI-C-dots.
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tions of the O-H bond and C-H bond [32]. In addition, there are the
absorption bands of C = O stretching at 1720 cm�1 and C-OH
stretching at 1103 cm�1 for citric acid [33]. The bands of PEI-C-
dots and PEI often overlap, but the characteristic absorption of
citric acid is almost absent due to the carbonization of citric acid
as a result of pyrolysis [29]. In addition, a new sharp band forma-
tion at 1686 cm�1 is associated with amide linkage (–CONH–),
showing that abundant PEI was capped by amide bonds on the sur-
face of the PEI-C-dots [29].

The stability of the PEI-C-dots was examined daily by fluores-
cence measurements, and no change in the intensity of the fluores-
cence bands was observed for one week. Fig. 1 includes
photographs of suspensions illuminated with UV light (365 nm)
before and after synthesis. The synthesized suspension of PEI-C-
dots shows blue photoluminescence.
Fig. 3. The effect of a) type of solvent, b) incubation time, and c) NaOH volume on
the proposed assay.
3.3. Optimization of the method parameters

For the proposed sensor, the solvent, incubation time, and vol-
ume of the base were optimized. For choosing the suitable solvent
for the proposed assay, the fluorescence intensities of the PEI-C-
dots were recorded in the presence of ethanol, methanol, acetone,
acetonitrile, and dimethylsulfoxide; the most suitable solvent was
determined as acetone (Fig. 3a). It is known from literature that
functional groups on the surface of quantum dots allow tunable
fluorescence properties of quantum dots to obtain higher quantum
efficiency. Acetone is one of the passivating agents used for this
purpose [34]. Fig. 3b shows the time dependence of the reaction
between TNT and PEI-C-dots for the proposed sensor at room tem-
perature. The fluorescence of synthesized PEI-C-dots was rapidly
quenched by the addition of TNT and remained stable for 60 min.
Therefore, the fluorescence intensity of the quenched C-dots was
immediately recorded after adding TNT to the C-dots. Ahmed
et al. [35] also reported that 4-nitrophenol rapidly quenched the
fluorescence of the C-dots and the fluorescence intensity of the sys-
tem remained stable for 1 h. Polynitroaromatic compounds (highly
electrophilic) produce highly colored complexes when they react
with alkalis (nucleophilic reagents). For the conventional detection
of nitroaromatic compounds, the hydroxyl ion is added to the
nitroaromatic ring to form these complexes, known as Meisen-
heimer complexes [36]. NaOH solution at 0.1 M concentration
was added (in the range of 5–50 mL) to the reaction mixture (con-
sisting of TNT and PEI-C-dots) to determine the amount of base
needed in the proposed assay, and fluorescence intensity of the
reaction mixture was measured. Thus, the base volume giving rise
to maximal blank intensity was determined as 20 mL (Fig. 3c).
5

3.4. Analytical figures of merit

C-dots have obvious optical absorption in the ultraviolet (UV)
region, with a tail extending to the UV–visible range. But photolu-
minescence is one of the most fascinating features of C-dots [1].
The excitation and emission wavelengths of the synthesized PEI-
C-dots were determined as 354 nm and 442 nm, respectively.
Fig. 4 shows the fluorescence spectra of the PEI-C-dots in the
absence and presence of varying concentrations of TNT.

With the proposed sensor for TNT, the linear equation of the
calibration graph was found as DI = 81.103C � 40.742
(R2 = 0.9979) (Fig. 4). DI defines the intensity difference due to flu-
orescence quenching in the presence of the analyte, and C defines
the analyte concentration in lg/mL. DI was calculated as DI = I0 – I,
where I0 and I symbolized the fluorescence intensities of blank and
analyte, respectively.

The proposed sensor exhibited a satisfactory linear response
over a wide TNT concentration range. The limit of detection
(LOD) and limit of quantification (LOQ) for TNT for the proposed
sensor were calculated at 93 and 310 lg/L, respectively. The
intra–day and inter–day precisions of a 3.33 lg/mL TNT solution



Fig. 4. The fluorescence spectra of the PEI-C-dots at varying concentrations of TNT (final concentration): a) 0 lg/mL, b) 1.33 lg/mL, c) 2.66 lg/mL, d) 3.39 lg/mL, e) 5.99 lg/
mL, f) 7.34 lg/mL, and g) 8.67 lg/mL.
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were 0.4% and 0.8%, respectively. The quenching efficiency was
analyzed by Stern-Volmer plot given by Eq. (2):

I0
I
¼ Ksv ½Q � þ 1 ð2Þ

where I0 and I are the intensities of PEI-C-dots before and after
addition of TNT, [Q] is the molar concentration of the TNT and KSV

is the quenching constant. The working curve was constructed by
plotting [(I0 � I)/I] of PEI-C-dots against the concentration of TNT
in the working range (Fig. 5a). The Stern–Volmer plot of the PEI-
C-dots was initially linear at low concentrations: afterwards, the
curve deviated from linearity and bended upward, indicating static
quenching or simultaneous dynamic and static quenching [37,38].
By fitting the linear part of the curves, the KSV of the PEI-C-dots
towards TNT was found as 8.39 � 104 L/mol. Fluorescence lifetime
is another tool for describing the quenching mechanism. Therefore,
fluorescence lifetime of PEI-C-dots was measured in the absence
and presence of TNT (Fig. 5b). Nanosecond time resolved fluores-
cence measurements of PEI-C-dots and (PEI-C-dots + TNT) systems
are tabulated in Table 1. The average fluorescence lifetimes for PEI-
C-dot and (PEI-C-dot + TNT) exhibiting diexponential decay were
calculated as 11.93 ns (sa) and 11.73 ns (sb), respectively, using
Eq. (3).

saverage ¼
P

ais2iP
aisi

ð3Þ

where si demonstrates decay time constant and ai is the pre-
exponential factor corresponding to the relative contribution of
ith species. Therefore, the sa/sb ratio being equivalent to � 1 indi-
cates the static quenching mechanism [39]. As the results show,
the effective quenching mechanism appears to be static quenching,
indicating a ground-state complexation between the donor and
acceptor.

A partial overlap was observed between the emission spectra of
PEI-C-dots and the absorption spectra of increasing concentrations
of TNT in the alkaline pH range, indicating the possibility of FRET
(Fig. 6). The energy transfer efficiency was calculated using Eq.
(4) [40].

uET ¼ 1� ðsb=saÞ ð4Þ
where uET is the energy transfer efficiency, sb is the decay time

for PEI-C-dots in the presence of TNT and sa is the decay time for
pure PEI-C-dots.
6

The calculated energy transfer efficiency achieved was 2% for
TNT. Both the absence of a significant difference between the fluo-
rescence lifetimes and the low energy transfer efficiency greatly
reduced the probability of the fluorescence energy transfer mech-
anism. On the other hand, the mixture of PEI-C-dots and TNT
showed a new broad absorption band ranging from 420 to
550 nm due to the rapid formation of the chromophore complex,
confirming the strong interaction between the electron-deficient
TNT aromatic ring and electron-rich amine groups on PEI-C-dots
[41]. The emission peak seen at 442 nm for PEI-C-dots overlapped
well with the absorption spectrum of the TNT-amine complex
(Fig. 6), leading to charge transfer from fluorescent PEI-C-dots to
the nitrated aromatic rings of TNT; thus the fluorescence emission
of PEI-C-dots was strongly quenched. The inner filter effect occurs
through a marginal overlap between the absorption spectrum of
the analyte component and the excitation spectrum of the fluo-
rophore probe. Inner filter effect � based sensors can improve sen-
sitivity and selectivity by converting absorption signals to
fluorescence signals [42]. As seen in Fig. 6, there was a partial over-
lap between the absorption spectrum of TNT and the excitation
spectrum of PEI-C-dots. This inner filter effect improves the sensi-
tivity and selectivity of the proposed probe by contributing to the
dominant quenching mechanism. In addition, electrostatic deposi-
tion/concentration of the Meisenheimer anions � formed by
charge-transfer complexation from TNT � on the C-dots function-
alized with PEI (i.e., a cationic polyelectrolyte) is another advantage
of the proposed nanosensor.

Rapid on-site visual detection of TNT residues is in demand due
to security screening needs [43]. In addition to the fluorescence
quenching of PEI-C-dots with the addition of increasing concentra-
tions of TNT, the absorption band at 465 nm showed an observable
color change from pale yellow to orange (Fig. 7). This feature
increases the utility of the probe for the practical in situ visual
detection of TNT residues.
3.5. Interferences

For the proposed PEI-C-dots based fluorometric method, the
effects of potentially interferent species on TNT detection, such
as similar explosive agents, common soil ions, and camouflage
materials used in illegal transfer, were evaluated. The explosive
mixtures in different combinations were prepared with similar



Fig. 5. a) Stern–Volmer plot of fluorescence quenching of PEI-C-dots by TNT (kex = 354 nm, kem = 442 nm). b) Fluorescence lifetimes of PEI-C-dots and (PEI-C-dots + TNT)
(laser excitation source of 310 nm was used for lifetime measurements).

Table 1
Fluorescence lifetimes of PEI-C-dots and (PEI-C-dots + TNT) in acetone with laser excitation source of 310 nm.

s1 (ns) s2 (ns) ɑ1 ɑ2 saverage (ns)

PEI-C-dots 1.96 12.54 0.28 0.72 11.93
PEI-C-dots + TNT 1.88 12.32 0.28 0.72 11.73

Fig. 6. The emission spectrum of PEI-C-dots and absorption spectrum of PEI-C-dots, TNT (in NaOH) and (PEI-C-dots + TNT).
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Fig. 7. The absorbance spectra of the PEI-C-dots at varying concentrations of TNT (final concentration): a) 0 lg/mL, b) 1.33 lg/mL, c) 2.66 lg/mL, d) 3.39 lg/mL, e) 5.99 lg/
mL, f) 7.34 lg/mL, and g) 8.67 lg/mL.

Table 3
The effects of interfering ions commonly found in soil on the proposed sensor for the
determination of TNT.

Common soil ion Interferent /Analyte Recovery (%)

Cl- 1:1 100.5
1:5 98.9

SO4
2- 1:1 99.4

1:5 108.6
NO3

– 1:1 98.4
1:5 96.2

K+ 1:1 98.4
1:5 96.2

Mg2+ 1:1 100.5
1:5 98.9

Cu2+ 1:1 99.4
1:5 108.6
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explosives (RDX and HMX) at 1-, 2-, 5- and 10-folds of TNT. The
proposed sensor was applied to these explosive mixtures and the
recovery percentages were determined. The results were summa-
rized in Table 2 and the recovery values of TNT at 3.33 lg/mL final
concentration were found very close to 100 % (98.1–107.1% for
TNT-RDX, 99.4–101.2% for TNT-HMX). The results obtained with
high accuracy showed that RDX and HMX did not interfere with
the developed method.

When picric acid was added at a ratio of 1:1, it interfered with
the TNT determination by 50%. Therefore, picric acid must be
removed from the sample medium before determination. Strongly
basic (type I) anion exchange resin was used for the removal of pic-
ric acid, having a low pKa and therefore existing in monoanionic
conjugate base at common pH. The resin was repeatedly washed
by passing 0.1 M NaOH and HCl successively before use, and rinsed
thoroughly with distilled water. Acetone was passed 3 times
through the chloride-form of resin, and the resin was dried. The
experiments were repeated by passing the mixture solution con-
taining TNT and picric acid through the resin and 104% recovery
was obtained for TNT. As a result, picric acid in anionic form was
successfully removed before determination. The effects of 1- and
5-folds (as concentration ratio) interferent ions (NO3

�, SO4
2�, Cl-,

K+, Mg2+, and Ca2+) commonly found in soil on the determination
of TNT with the proposed sensor were summarized in Table 3.
TNT recovery values (%) were found to vary between 96.2% and
108.6% for an initial concentration of 100 lg/mL. The results
obtained showed that common soil ions did not interfere with
the developed sensor.
Table 2
Recovery (%) values of TNT in explosive mixtures.

Explosive mixture
(final conc. of constituents, lg/mL)

Mass ratio
(TNT/RDX or HMX)

Recovery (%)

3.33 lg/mL TNT + 3.33 lg/mL RDX 1:1 107.1
3.33 lg/mL TNT + 6.67 lg/mL RDX 1:2 105.2
3.33 lg/mL TNT + 16.67 lg/mL RDX 1:5 104.5
3.33 lg/mL TNT + 33.33 lg/mL RDX 1:10 103.2
Compozit B 2:3 98.1
3.33 lg/mL TNT + 3.33 lg/mL HMX 1:1 101.2
3.33 lg/mL TNT + 6.67 lg/mL HMX 1:2 100.6
3.33 lg/mL TNT + 16.67 lg/mL HMX 1:5 100.6
3.33 lg/mL TNT + 33.33 lg/mL HMX 1:10 100.6
Octol 3:7 99.4
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The mixtures were prepared by adding TNT to camouflage
materials such as paracetamol-based analgesic, household deter-
gent, glucose representing sugars. The proposed sensor was
applied to the mixtures and the recovery values of TNT were deter-
mined in the presence of these camouflage materials. The recover-
ies (%) of TNT at 100 lg/mL final concentration were found to range
between 95.5 and 98.9 % (Fig. 8). The results showed that the
tested camouflage materials did not interfere with the developed
method.

Some specific features of the proposed nanosensor and other
similarly reported TNT nanodot based sensors relying on the fluo-
rescence quenching mechanism was summarized in Table 4. The
proposed nanosensor has a low LOD value and stands out with
its easy preparation and short analysis times. In addition, the pro-
posed nanosensor is unaffected by the presence of similar ener-
getic materials except picric acid (which was removed by
pretreatment).
3.6. Recovery of TNT from the soil sample with the proposed sensor
and HPLC/DAD system

Fig. 9a shows the chromatograms of TNT working standards
within the 5–25 lg/mL concentration range. The linear equation
of the calibration curve for the HPLC/DAD system was obtained
to be A = 84,870 CTNT – 36,301 (R2 = 0.9902) for TNT, where the
peak area and TNT concentration (in lg/mL) are symbolized by A
and C, respectively. Soil sample artificially contaminated with
TNT was analyzed with both the proposed fluorometric sensor



Fig. 8. Recoveries of TNT (at 100 lg/mL final concentration) in the presence of paracetamol-based analgesic, household detergent, and sugar (at an equal final concentration
to TNT).

Table 4
Comparison of some specific features of the proposed nanosensor with those of other similarly reported nanodot based sensors for TNT detection.

Nanosensors LOD (lg/L) Nanosensor preparation time Analysis time Interferences References

PEI-C-dots 93 10 min. direct Picric acid responds to sensor This study
QD-GSXS 2201 �2 day direct Dinitrotoluene,

p-nitrotoluene, nitrobenzene respond to sensor
[44]

CDs@NH2 48 �1 week 10 s + drying time – [45]
GQDs 495 �2 day 30 s Dinitrotoluene and mononitrotoluene respond to sensor [46]
Cd Se QD-MIP 9238 �1 day 1 min Dinitrotoluene responds to sensor [47]
CdSe QDs 340 �1 day direct Dinitrotoluene,

p-nitrotoluene, nitrobenzene,
2,4-dinitrochlorobenzene
respond to sensor

[48]

Fig. 9. The HPLC chromatograms of TNT a) at different concentrations (5–25 lg/mL), b) in the soil sample.
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and the HPLC-DAD system. According to the findings of these
methods, the percentage recoveries of TNT for soil samples con-
taining TNT were found to be 97 and 101 %, respectively. The HPLC
chromatogram of soil extract containing TNT was given in Fig. 9b.
Artificially contaminated soil extract with 25 mg/mL TNT was ana-
lyzed repeatedly (N = 5) for F-test comparison with the proposed
fluorometric nanosensor and HPLC-DAD system. TNT contents
were 27.36 ± 1.85 and 26.73 ± 1.17 for the proposed nanosensor
and chromatographic analysis, respectively. In the light of the data,
it was found that there was no significant difference between the
two methods at the 95% confidence level (P = 0.05, Fexp = 0.23, Fcrit
(table) = 6.39, Fexp < Fcrit (table)).
4. Conclusion

C-dots coated with PEI were synthesized bymicrowave-assisted
system and a fluorometric turn-off sensor for TNT determination
was reported. The detection mechanism of the proposed fluoro-
metric sensor is based on fluorescence quenching as a result of
the donor–acceptor interaction between PEI on the PEI-C-dot sur-
face and TNT. The proposed sensor is not affected by similar nitro
explosives RDX and HMX, but the possible interference effect of
picric acid is eliminated by its removal on an anion exchange resin.
Moreover, the detection with the proposed sensor is unaffected by
common soil ions and camouflage agents used in the irregular
transfer of TNT. TNT determination in artificially contaminated soil
gave comparable results with both the proposed fluorometric sen-
sor and the HPLC-DAD system. This fluorometric sensor provides a
low-cost, simple, sensitive and selective detection of TNT residues
and has the potential to be converted into a kit format.
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