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ARTICLE INFO ABSTRACT
Editor: Danmeng Shuai The study is devoted to the electrochemical detection of trace explosives on boron-doped diamond/graphene nanowall
Keywords: electrodes (B:DGNW). The electrodes were fabricated in a one-step growth process using chemical vapour deposition
Trace explosives determination without any additional modifications. The electrochemical investigations were focused on the determination of the
Carbon nanowalls important nitroaromatic explosive compounds, 2,4,6-trinitrotoluene (TNT) and 2,4,6-trinitroanisole (TNA).
TNT The distinct reduction peaks of both studied compounds were observed regardless of the pH value of the solution.
Landfill leachates The reduction peak currents were linearly related to the concentration of TNT and TNA in the range from 0.05-15 ppm.
DPV

Nevertheless, two various linear trends were observed, attributed respectively to the adsorption processes at low

concentrations up to the diffusional character of detection for larger contamination levels. The limit of detection of TNT
and TNA is equal to 73 ppb and 270 ppb, respectively. Moreover, the proposed detection strategy has been applied
under real conditions with a significant concentration of interfering compounds - in landfill leachates.

The proposed bare B:DGNW electrodes were revealed to have a high electroactive area towards the vol-
tammetric determination of various nitroaromatic compounds with a high rate of repeatability, thus appearing

to be an attractive nanocarbon surface for further applications.
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1. Introduction

2,4,6-trinitrotoluene (TNT) and 2,4,6-trinitroanisole (TNA, 1-
methoxy-2,4,6-trinitrobenzene) belong to secondary explosives, which
are commonly used by the military. They are used as the main charge
for boosting explosives. TNT and TNA are designed to detonate only
under specific conditions and require a detonator or a supplementary
booster. 2,4,6-trinitrotoluene (Fig. Sla) is characterised by extremely
rapid decomposition and pressurisation (Singh, 2007). 2,4,6-trini-
troanisole is a well-known representative of the polynitroderivatives of
alkoxybenzene (Fig. S1b); it is one of the safest, most insensitive of
HEMs (high energy materials). The energetic properties of TNA are
higher than TNT’s due to the more positive oxygen balance (Sarlauskas,
2010). Both compounds have relatively low melting points (80.1 and
68.4°C for TNT and TNA, respectively) and are classified as melt-cast
explosives.

Chemical pollution of soil and water, caused by TNT and TNA, is
present in places where munitions were previously produced, loaded, or
stored. Additionally, in the environment of these explosives, there are
also compounds such as nitroso, hydroxylamine, and aniline inter-
mediates that may be highly toxic and recalcitrant. The derivatives of
polynitroaromatics were formed by a partial reduction in the aerobic
conditions. In mammals, some of these compounds can cause changes
in DNA, which may influence their mutagenesis and carcinogenesis
(Hundal et al., 1997). The effect of exposure to these explosives on
humans is blood disorders, such as anaemia, and abnormal liver func-
tion. Nitroaromatics are also noxious to rats, mice, fish, and marine life,
and inhibit the growth of many fungi, yeasts, actinomycetes, and gram-
positive bacteria (Spiker et al., 1992). TNT and TNA have been claimed
to be toxic to humans above 2.0 ppm, and the lifetime health advisory
limit has been set at 2 ppb in drinking water (Singh, 2007; A. for T.S.
and Registry, 1995; Protection et al., 2017; Gaurav and Malik, 2009).
Furthermore, it is dangerous that TNT and TNA are able to penetrate
the skin rapidly. They can spawn the formation of methaemoglobin on
acute dermal exposure and anaemia on long-term contact.

There are requirements for detection devices used to detect and
prevent hazards related to the occurrence of explosive aromatic com-
pounds. The ideal devices should be small, portable, and able to sense
trace amounts of explosives with high precision, quickly, and without
significant cost (Singh, 2007). The presence of TNT and TNA can be
identified by many methods, for example high performance liquid
chromatography (Wu et al., 1999), chromatography with UV absorp-
tion (Harvey and Clauss, 1996; Babaee and Beiraghi, 2010), electro-
chemistry (Sekhar et al., 2011; O’Mahony and Wang, 2013a; Pon
Saravanan et al., 2006), ion mobility spectrometry (Furton et al., 2015),
mass spectroscopy (Lee et al., 1934), chemiluminescent detection
(Pittman et al., 2009), electro-kinetic capillary electrophoresis (Oehrle,
2003), fluorescence (Tu et al.,, 2008), enhanced Raman scattering
(Jamil et al., 2015), infrared spectroscopy (Stahl and Tilotta, 2001;
Lopez-Lopez and Garcia-Ruiz, 2014), nuclear quadrupole resonance
(Grechishkin and Sinyavskii, 2008; Mozjoukhine, 2000), surface
plasmon resonance spectroscopy (Shankaran et al., 2005; Riskin et al.,
2009), and immunochemistry (Narang et al., 1997; Zeichner et al.,
2002). The sensitivity of these methods ranges from 0.06-5000 ppb.
Almost all of the techniques require very complicated and expensive
instruments which are often nonmobile and not sensitive enough to
detect trace amounts of nitroaromatic compounds. Moreover, the re-
ported methods demand the determination be performed in special
laboratories by highly qualified staff (Pittman et al., 2009). On the
other hand, immunological sensors have been developed that
meet almost all of these requirements. The basis of all immunosensors is
the specific binding of antigens to antibodies to form a stable immune
complex. Although immunosensors are known for their selectivity, they
cannot be used in many places because they use antibodies as the de-
tection device, and these reacted antibodies are not reusable (Narang
et al., 1997; Zeichner et al., 2002; Bart et al., 1997; Rabbany et al.,
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2000).

Electrochemical sensors seem to be a promising solution in ni-
troaromatic detection due to their low cost, portability, and high sen-
sitivity. These devices provide information about the system composi-
tion in real-time by combining a chemically selective layer with an
electrochemical transducer. Thereby, the chemical energy of the spe-
cific interaction between the chemical substances and the sensor is
converted into an analytically useful signal. The presence of nitro
groups in TNA and TNT with redox properties makes electrochemical
methods ideal for their detection. We can distinguish several electro-
chemical methods depending on: a change of current for an electro-
chemical reaction with an applied voltage, and with time (voltammetric
and amperometric respectively), a change of conductivity (conducto-
metric), a change of membrane potential (potentiometric), and a
change of impedance (impedimetric) (Singh, 2007; O’Mahony and
Wang, 2013b).

Dynamic methods are becoming exceptionally attractive among
electrochemical methods due to their high sensitivity and simplicity in
data acquisition. Small and relatively inexpensive portable potentio-
stats are now available for field applications, but they still require ad-
vancement in their sensitivity and lifespan. Carbon materials also are a
development direction of electrochemical sensors for the detection of
explosives. In the literature, many authors are focussing their attention
on the modification of carbon layers (e.g., functionalised nanotubes,
graphene) with metallic nanoparticles, such as gold (Roddey and
Development, 2011; Zhang et al., 2015a; Schnorr et al., 2013; Avaz
et al., 2017; Yew et al., 2016; Akhgari et al., 2015; Yu et al., 2017;
Zhang et al., 2006a).

Many electrochemical methods have been reported for the sensing
of TNT with a good limit of detection, including nitrogen and sulphur
co-doped graphene nanoribbons (LOD: 0.1 ppb) (Zhang et al., 2018a),
carbon nanotubes (Roddey and Development, 2011; Zhang et al.,
2006a), oligomer-coated carbon nanotubes (LOD: 95 ppb) (Zhang et al.,
2015a), glassy carbon electrodes modified with multi-wall carbon na-
notubes (LOD: 0.6 ppb) (Wang et al., 2004) and their modifications.
There is only one paper about the detection of TNT on boron-doped
diamond (de Sanoit et al., 2009). However, the preparation of the
electrodes is a multistep process including chemical and electro-
chemical oxidation of the electrode.

In this article, we propose a novel sensor based on a boron-doped
diamond/graphene nanowall electrode prepared by a one-step chemical
vapour deposition process. The detection was conducted using a dy-
namic electrochemical technique (differential pulse voltammetry), and
the explosives were determined in aqueous solutions, including liquid
effluents. To the authors' knowledge, this is the first time diamond/
graphene nanowall electrodes have been shown to detect nitroaromatic
explosives.

A boron-doped diamond/graphene nanowall electrode is a hybrid
electrode, which combines the extraordinary features of boron-doped
diamond and a graphene nanowall on the same surface. B:-DGNW is an
sp?-rich phase material (Yu et al., 2011; Sobaszek et al., 2017) with
multilayered graphene walls oriented vertically to the substrate. The
high sensitivity of a boron-doped diamond/graphene nanowall elec-
trode is attributed to the fact that TNT and TNA are good p-electron
acceptors and easily adsorb onto the p-electron-rich graphene surface
via m-t electron donor-acceptor (EDA) stacking interactions (Zhang
et al., 2018b). The presence of the boron-doped diamond phase en-
hances the electrochemical performance and kinetics of the electrode
surface when compared with typical carbon nanowalls. The main ad-
vantage of a B:DGNW electrode is the developed active surface which is
about three times higher than a boron-doped diamond electrode. The
material can be considered to be a 3D-structure nanomaterial.

The electrochemical sensing platform fabricated from diamond/
graphene nanowall electrodes showed a sensitive and selective response
to nitroaromatic type energetic materials with a detection limit of
73ppb and 270 ppb for TNT and TNA, respectively. The use of a
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B:DGNW electrode leads to a strong interfacial accumulation of 2,4,6-
trinitrotoluene and 2,4,6-trinitroanisole, and hence offers a determi-
nation of these compounds in an extremely complicated, real matrix
such as landfill leachates, with satisfactory results.

2. Experimental
2.1. Chemicals

TNT was purchased from Nitro-Chem JSC (Poland), TNA was syn-
thesised in the Military University of Technology according to an ori-
ginal, unpublished procedure based on known a method (Spencer and
Wright, 1946) and recrystallised two times from ethanol. All reagents
were analytical grade and used without further purification. HPLC-
grade extra pure acetonitrile was used to prepare the 2,4,6-trini-
trotoluene and 2,4,6-trinitroanisole stock solutions.

2.2. Preparation of solutions

Due to the low solubility of 2,4,6-trinitrotoluene and 2,4,6-trini-
troanisole in water (for TNT 100 mg L' at 25°C (Ro et al.,, 1996)),
standard stock solutions of individual explosives at 1000, 100, 10,
1ppm concentrations were prepared in acetonitrile. For the cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) tests, with
different TNT and TNA concentrations for analysis, the aliquot volume
of the standard stock solutions was added to 10 mL of electrolyte. The
DPV tests were performed in 1 mL of sample solution consisting of 0,
0.01, 0.05, 0.1, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0 and 16 ppm of TNT or TNA
in 0.5M KCl and 0.1 M phosphate buffered saline (PBS), pH = 6.7. The
KCl solution was used due to the high amount of chlorides inside the
tested real-life sample - landfill leachates (see Table S1), whereas the
PBS buffer enables the pH value to be precisely controlled. For the CV
tests 20 ppm of TNT and TNA in phosphate buffer electrolyte with KCl
at different pH levels of 5.6, 6.7 and 8.0 were made, and also 20 ppm of
TNT and TNA in landfill leachate and with 0.5 M KCI.

2.3. Electrode growth

The B:DGNW electrodes were synthesised using a microwave
plasma enhanced chemical vapour deposition system (SEKI Technotron
AX54008S, Japan). The detailed parameters of the thin film synthesis for
the B:DGNW can be found in (Sankaran et al. (2018)) and (Siuzdak
et al. (2017a)). All samples were doped by using diborane (B,H¢) as an
acceptor precursor. The [B]/[C] ratios in the plasma were set to 2k
ppm, which resulted in the boron being incorporated into the multi-
layered diamond/graphene nanowall layer (Sobaszek et al., 2017). An
external heater was used to heat the substrate to a temperature of about
700 °C, while the substrate temperature was measured using a ther-
mocouple embedded in the substrate holder. Several B:DGNW samples
were fabricated. The growth time was 6 h. The B:-DGNW thin films were
grown on (100) oriented silicon substrates. Prior to CVD growth, the Si
substrates were seeded by spin-coating in a diamond slurry (Ficek et al.,
2015). X-ray photoelectron spectroscopy (XPS) measurements were
carried out to more clearly reveal the surface chemical bonding char-
acteristics of the boron-doped diamond/graphene nanowall which was
presented before (Siuzdak et al., 2017b). The morphology and mole-
cular composition of B:DGNW was presented in (Sankaran et al.
(2018)).

2.4. Characterisation techniques

The electrochemical studies were carried out using the differential
pulse voltammetry (DPV) and cyclic voltammetry (CV) techniques. The
measurements were made with a potentiostat-galvanostat (VMP-300,
Bio-Logic, France) via the EC-Lab software. All electrochemical tests
were conducted in a three-electrode electrochemical cell in an argon
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atmosphere at room temperature (22 * 1°C). The boron-doped dia-
mond/graphene nanowall electrodes were used as the working elec-
trodes, an Ag/AgCl/3.0 M KCl electrode served as the reference elec-
trode, whereas a Pt wire served as the counter electrode. The geometric
area of the working electrode was around 0.20 cm?.

Differential pulse voltammograms were obtained under the fol-
lowing conditions: the potential ranging from —0.15 to —0.7 V (vs. Ag/
AgCl/3.0M KCl), a 200 ms pulse width, a 25mV pulse height, a step
time of 500 ms, and a scan rate of 10 mV s™.

The CV measurements were conducted in 0.5M KCI containing so-
lution 0.1 M PBS (pH = 6.7), and measured for chosen sweep rates in
the 10— 300 mV s™ range. The potential range was from -0.8 V to 0.5V
vs. Ag/AgCl/3.0M KCl. Furthermore, cyclic voltammetry was per-
formed in 0.5M KCl and 0.1 M PBS solution at pH 5.6, 6.7, and 8.0 in
the range -1.0 to 0.5 V. Likewise, cyclic voltammetry was used for the
determination of 20 ppm TNT and TNA in 1 mL of landfill leachate and
landfill leachate with KCl added, ¢ = 0.5moL dm™ (v = 100mV s'}; E
= —-1.0V-0.5V).

2.5. Landfill leachate

To prove the potential of the proposed electrochemical sensor, the
measurements were also performed in a real-life sample, in landfill
leachate. For this purpose, three leachate samples were collected for
this experiment in December 2018 from the ‘Eko Dolina Lezyce’ mu-
nicipal solid waste plant, situated in northern Poland. Wastewater
samples were taken in high-density polyethylene (HDPE) bottles at the
bottom of a cell from an unaerated storage reservoir. The cooled lea-
chate (4 °C) was transported (in a portable refrigerator) to the labora-
tory, then homogenised and kept frozen (—20°C) until the analyses
took place. The main characteristics of the leachate were: a pH in the
alkaline range (7.8 + 0.1), a dark brown colour (see Fig. S2), total
nitrogen (2263.3 = 56.9mg N LY, total carbon (2142.7 + 138.5 mg
C L™, total phosphorus (16.2 + 0.6 mg TP L), high concentrations of
ammonium nitrogen (96.0 % * 2.8 % of the total nitrogen) and che-
mical oxygen demand (3893.3 + 21.6 mg O, L), the phosphorus oc-
curred mainly as P-PO4 (69.2 % = 5.8 % of the total phosphorus), a low
BODs/COD ratio (0.07 = 0.005), and high concentrations of chloride
and sulfate (with mean values 2609.8 = 87.7mg Cl~ L' and
1650.0 + 115.2mg SO4>~ L7, respectively). The detailed character-
istics of the raw landfill leachate are listed in Table S1.

3. Results and discussion

The electrochemical behaviour largely depends on the features of
the working electrode material. Due to its remarkable physical and
electrochemical properties, B-DGNW has attracted much attention for
the development of high-performance electrochemical sensors. The
B:DGNW electrode is characterised by a wide electrochemical potential
window and low background currents regardless of the pH of the so-
lution (Fig. S3a). The widest potential window, equal to 2.85V, was
obtained for the KCl salt. The B:DGNW electrodes also show a low peak-
to-peak separation value recorded for the ferricyanide/ferrocyanide
redox system (61 mV for v =5mV s'1), which confirms the rapid elec-
tron transfer (Fig. S3b). It should be noted that, unlike the boron-doped
diamond electrodes, the B:DGNW electrodes are not characterised by a
shift in oxygen reduction potential towards more negative potentials.
The reduction signal for the B:DGNW electrode occurs at —0.31 V (Fig.
S4). Therefore, deoxidation of the electrolyte prior to electrochemical
measurements is a necessary step.

The detection of the explosives was first established in 0.5M KCl
containing 0.1 M standard phosphate buffer by using cyclic voltam-
metry in the acidic (pH = 5.6), neutral (pH = 6.7) and basic electro-
lytes (pH = 8.0) (see Fig. 1).

Cyclic voltammograms of TNT revealed three distinct reduction
peaks regardless of the solutions’ pH values. The peaks are labelled 1.,
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2., and 3. by order of appearance in the CV cathodic wave (Fig. 1a). The
reduction of polynitroaromatic compounds proceeds by multistep pro-
cesses. Each of the peaks reflects the individual reduction of an acceptor
-NO, group according to the mechanism showed in Fig. 2a (Yew et al.,
2016; Zhang et al., 2018b; Chua et al., 2012; Chua and Pumera, 2011;
Bratin et al., 1981; Wang, 2007). The most probable path of the TNT
reduction mechanism starts with the ortho-NO, group reduction (E;.q7)-
Subsequently, the reduction of the second nitro moiety in ortho-position
takes place (E.q42). The last, 3. peak, probably corresponds to the re-
duction of the third para-nitro group (Chua et al., 2012). Consequently,
each -NO, group undergoes 6-electron reduction to a -NH, moiety.
Overall, the electrochemical reduction of trinitroaromatic explosives
consumes 18 electrons and 18 protons coming from the solvent. As a
result 2,4,6-triaminotoluene is formed.

The reduction process begins by the transfer of le- and 1H* origi-
nating from the electrolyte (Fig. 2b). As a result, a neutral radical is
created (TNT-H'). Along with the next transfer of le- and 1H™, the
proton is attached to the oxygen of the intermediate. Subsequently, the
water molecule is removed and nitroso intermediate is formed. After
other steps, including protonation the hydroxylamine is obtained. Fi-
nally, the next 2e-/2H* reduction leads to the creation of an amine
group.

The described reduction process heavily depends on the solvent pH.
It is noteworthy that with an increasing pH value, the maxima of the
reduction peaks shift to the more negative potentials (see Fig. 1a-b).
The detailed values of the peak heights and maxima are shown in Table
S2. For instance, the first reduction peak of 2,4,6-trinitrotoluene re-
corded in the pH range of 4.0-9.0 (see Fig. S5) shifts from —0.3V to
—0.48V. The same phenomenon was also observed for 2,4-dini-
trotoluene and 2,4,6-trinitrotoluene detected on a glassy carbon elec-
trode by Pumera et al. (Chua and Pumera, 2011; Toh et al., 2013). Such
a response may be explained by the involvement of hydronium ions in
the reduction process of the nitro moieties.

The TNA and TNT compounds were reduced to many radical forms
according to the general mechanism presented in Fig. 2. Due to the high
reactivity of the radical molecules and the susceptibility to proton re-
actions and kinetic conditions, in the diffusion layer, the real con-
centrations of individual reduced forms may differ from the assumed
mechanism.

Changing the position of reduction peaks and especially oxidation
peaks (reoxidation) as a function of pH shows variability. The height of
the reaction peaks with the changing of pH changed. It should be taken
into account that the rate of subsequent reactions leading to the for-
mation not only reduced forms and their protonated forms but also
nitro-hydroxylamine and amine forms. The complexity of the TNT and
TNA reduction mechanism may additionally be associated with dif-
ferent rates of individual reduction step, changes in diffusion coeffi-
cients for differently charged intermediates, and others. The combined
effect of these factors can determine that the reduction peaks appeared
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at different magnitudes.

It should be noted that a higher catalytic activity of the B:DGNW
electrode was achieved for TNT. Furthermore, the most desirable
signal-to-background characteristics were achieved in a 6.7 pH solution
for both nitro compounds. The weaker response was for the 5.6 pH
solution. In the basic medium, in turn, low-intensity peaks were ob-
served. The best electrochemical performance of the electrode in the
acidic environment coincided with other reports (Pon Saravanan et al.,
2006; Zhang et al., 2006b, b). Therefore we decided to use a solution
with a pH of 6.7 throughout the following electrochemical measure-
ments.

Additionally, the boron-doped diamond electrodes (B:DD), prepared
according to (Ryl et al., 2016), were used for comparative studies. The
current densities and kinetics of both B:DD and B:DGNW electrodes
were illustrated in Fig. S6. The B:DGNW electrode results in much
higher current densities vs. TNT detection, thus it enables efficient de-
termination with lower LOD when compared with BDD.

The next step was an examination of the scan rate (v) effect on the
reduction peak current of the explosives (Fig. 3). It is noteworthy that
as the scan rate value increases, the current signal also increases. The
plots shown in Fig. 3c—d present a linear response in the range 10 —
300mV s for both nitro compounds. The cathodic peaks of 2,4,6-tri-
nitrotoluene are more separated than for 2,4,6-trinitroanisole. More-
over, with an increasing scan rate, there is a shift of the reduction peaks’
maxima to a more negative potential, which confirms the irreversibility
of the nitro compounds’ reduction. The maximum peak current den-
sities and reduction potentials are gathered in Table S3. The linear
dependence of i, versus 1% suggests the diffusional control of the re-
duction process.

It can be seen that in 6.7 pH TNA for 100mV s, there are four
electrochemical reduction peaks, which is significantly different from
TNT. This means that the reduction of nitroaromatic compounds, such
as TNA, is a rather complex process and depends not only on the
number of nitro groups, but also the presence of other moieties.
However, depending on the experimental conditions, 3-4 reduction
signals were detected. Each nitro group is reduced to the amine form.
The additional peak, localised at 0.4 — 0.5V (peak 2a.), may correspond
to the mechanism mentioned in the literature (Junqueira et al., 2013),
in which there is a two-step reducing mechanism to hydroxylamines.
The first step is slow: the nitro compound is reduced to a radical anion.
In the second step, hydroxylamine is obtained. Different reaction rates
can be confirmed by the appearance of additional peaks at the lower
scan rates. Also, the presence of a forth peak in pH close to neutral may
be associated with the presence of protons in the reaction mechanism
and the absence of a second peak for an alkaline medium.

Differential pulse voltammetry was used for quantification pur-
poses. DPV measurements were performed in 6.7 pH in 0.5M KCI
containing 0.1 M PBS (Fig. 4). For TNT, three well-separated peaks were
observed at —0.32V, —0.44V, and —0.56 V. The voltammograms of

a) 0.4, 20 ppm TNT —pH56 b) 04,20 ppm T ——pHS56
v=100 mV s N pH 6.7 v=100 mV s pH 6.7
—pH&.0
. 0.0+
g
< -0.41 - L
g \ [/
= Vf \M \//
T038/ VIV
peak 3. '/ v
v peak 1.
peak 2. :
-1.24 -0.6 03

09 06 03 00 03 06
E (vs. Agagaipmkeny / V

1.2 -09 0.6 -03 0.0 03 0.6
E (vs. AgAgCIBMKCl / V

Fig. 1. Current densities of 20 ppm solution of a) TNT, b) TNA recorded on B:DGNW in 0.5M KCI/0.1 M PBS at different pHs; scan rate 100 mV s
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Fig. 2. The mechanism of reduction of a) three nitro groups in the most likely sequence, b) the one nitro moiety (in the ortho position) in an aqueous solution.

the 2,4,6-trinitroanisole response contain four peaks similarly to the
aforementioned CV tests: three well-developed at —0.29, —0.42V,
—0.55V, and one not completely separated at —0.36 V. The first re-
duction peak observed at about —0.56 V exhibited the most favourable
characteristics for TNT and TNA, and was chosen for the subsequent
quantitative analysis. Calibration curves (y = ax + b) for the first re-
duction peak obtained in the 0.5M KCl with 0.1 M phosphate buffer
solution for TNT and TNA are shown in Fig. 4c—d. The dependence of
the current density reduction peaks’ intensity vs. the concentration of
both nitro compounds exhibits two different linear responses depending
on the concentration of the explosive. The calibration curves were
found to be linear within the range of 0.05-2 ppm and 4-15 ppm for
2,4,6-trinitrotoluene (R* = 0.999, R> = 1.00 respectively, N = 3), and
0.05-1ppm and 2-15ppm for 2,4,6-trinitroanisole (R? = 0.998,
R? = 0.998 respectively, N = 3). When the concentration was larger
than 2ppm for TNT or 1ppm for TNA, the mechanism of detection
changed from the adsorption-controlled process to the diffusional one.
For electrodes with a nanoporous structure, the process of compound
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deposition is observed inside and on the porous structure. At low con-
centrations of analyte, the more accessible active surface area could be
completely covered due to low competition for the surface. This phe-
nomenon enables a more efficient uptake of TNT and TNA, leading to a
higher sensitivity for concentrations up to about 1 —2 ppm. As a result,
two linear ranges in the slope appeared (Gao et al., 2014). Similar
behaviour was observed by other authors working on carbon electrodes
with high amount of porous carbon (Siuzdak et al., 2017a; El Bouabi
et al., 2016; Muhammad et al., 2016). It should be noted that most
explosives detection reports present only results containing low con-
centrations of nitro compounds (below 5ppm) (Zhang et al., 2018b;
Saglam et al., 2018; Filanovsky et al., 2007; Wang et al., 2013; Casey
and Cliffel, 2015).

The limit of detection was calculated from LOD = 30;,/a, where o
denoted the standard deviation of a blank, and “a” is the slope of the
calibration curve, whereas the limit of quantitation of LOQ = 100y,/a
(Saglam et al., 2018; Soomro et al., 2016). The limit of detection for
TNT was found to be 73 ppb (3.22:107 M), whereas the LOD for TNA
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N
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Fig. 3. Cyclic voltammetry recorded as a function of scan rate of 20 ppm solution of a) TNT, b) TNA in 0.5M KCI + 0.1 PBS on B:DGNW electrode (pH = 6.7). The

plot of i, versus 1% for ¢) TNT, d) TNA for the 1. peak (localised at ca. -0.35 V).
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error bars represent the standard deviation).

Table 1
Comparison of the electroanalytical detection of TNT on different electrodes.
Electrode LOD / Linear range /  Ref.
ppb ppm
“BW-NS-rGONRs 0.1 0.0008 - 5.1 (Zhang et al., 2018b)
Au-graphene 5.9 0.02 - 0.7 (Wang et al., 2013)
L’GC/P(CZ-CO-ANI)-Aumm0 25 0.1-1 (Saglam et al., 2018)
This work 73 0.05 -2
4-15
TiO2/Pthano 200 2-5 (Filanovsky et al.,
2007)
‘PNEGHN 300 0.5 - 40 (Guo et al., 2010)
Multilayer graphene 1000 1-20 (Goh and Pumera,
nanoribbons 2011)
Exfoliated graphene 6540 4-20 (Yew et al., 2016)

2 BW-NS-rGONRs: base washed nitrogen- and sulfur-codoped graphene na-
noribbons.

Y GGC/P(Cz-co-ANI)-Aup,n,: modified glassy carbon electrode coated with
poly(carbazole-aniline) copolymer film.

¢ PNEGHN: Pt nanoparticle ensemble-on-graphene hybrid nanosheet.

was 270 ppb (1.13-10® M). The LOQ value was 240 ppb (1.07-10° M)
and 940 ppb (3.77-10°° M) for TNT and TNA, respectively. The results
indicate that B:DGNW exhibits greater electrocatalytic activity towards
2,4,6-trinitrotoluene compared to 2,4,6-trinitroanisole. For instance,
the cathodic density current from the first reduction peak for 15 ppm of
nitroaromatics is 138 uA cm™ and 52pA cm? for TNT and TNA, re-
spectively. The signal recorded for TNT is more than 2.5 times higher.
Table 1 shows a comparison of TNT detection performances from the

present and previously reported electrochemical methods depending on
the electrode used.

The selectivity of the sensing electrode was determined by the
measuring of the cathodic peak current of 8 ppm TNT with 0.1 M PBS
with different inorganic ions including: 0.5M Na*, K*, S0,%, NH,-,
Cl-. The signal change of the reduction current of TNT was less than 5 %
in the presence of Na™, K*, $0,%,Cl-. The presence of NH,- causes an
error of 11.5 %. It should be emphasized that TNT reduction is one of
the processes generating radicals with a very strong reducing potential.
The presence in solution of strong oxidising agents such as oxygen,
hydrazine or hydrogen peroxide will cause the fast reaction with the
generated TNT radical (for instance TNT-H'). Thus, the current signal
will be disrupted. In our research, the concentration of interfering
factors was significantly lower than the concentration of the basic
electrolyte. We did not notice the effect of such factors at a con-
centration close to the concentration of the analyte being tested.

The reproducibility of the proposed sensor for TNT detection was
investigated by determining 8 ppm TNT with six separated electrodes.
The results indicate that all of the samples show almost similar re-
sponses with a relative standard deviation of 2.8 %. Thus, the electrodes
are reproducible.

The stability of the B:DGNW electrode was evaluated by the com-
parison of the peak-to-peak separation values (AE) obtained for the
electrode in ferricyanide/ferrocyanide redox before and after 7 days of
leaving the electrode in 5 mM K3[Fe(CN)¢] with 0.5 M Na,SO, solution.
The AE values gathered in Table S4 confirm good stability of the
electrodes.

To prove the potential of the electrochemical detection, the
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Fig. 5. Determination of a) TNT, b) TNA in landfill leachates and landfill leachates with 0.5 M KCl.

measurements were subsequently performed in a real-life sample, in
landfill leachate. The cyclic voltammograms of TNT and TNA de-
termined on a boron-doped diamond/graphene nanowall electrode are
presented in Fig. 5. Firstly, CV scans were carried out in a blank elec-
trolyte containing only the leachate (or the leachate with additional
0.5 M KC) to determine the occurrence of any background interference.
In the landfill leachate, TNT, as well as TNA, displayed three reduction
peaks on the bare B:DGNW electrode. There was no significant differ-
ence in the determination of nitro compounds in landfill leachate and
landfill leachate with the addition of KCI, hence, direct detection is
possible. In landfill leachate, 2,4,6-trinitrotoluene gives signals at
—0.462V, —0.615V and —0.768V. The peak potentials of TNA, in
turn, were observed at —0.483V, —0.665V, and —0.774 V.

4. Conclusions

In summary, an electrochemical sensing boron-doped diamond/
graphene nanowall electrode was used for the detection of two different
explosives. Herein, it was shown that a B:DGNW sensor may provide a
fast, low-cost, selective and sensitive alternative detection technique of
nitroaromatic type energetic materials. Furthermore, a B:DGNW elec-
trode can be successfully applied to 2,4,6-trinitrotoluene and 2,4,6-
trinitroanisole detection in landfill leachates. A B:DGNW electrode ex-
hibits high sensing performance for TNT detection with linearity be-
tween 0.05-2 ppm and 4-15 ppm, and a detection limit of 73 ppb. The
LOD for 2,4,6-trinitroanisole, in turn, is equal to 0.27 ppm. The pro-
posed method is very sensitive and selective even for samples that are
highly contaminated. The demonstrated performance has proven that
the method has significant application potential and is a very promising
tool in the case of the detection of nitroaromatic explosives in liquid
effluents. Moreover, the newly described electrode materials can be
used in the future to efficiently increase the remediation of waste wa-
ters from nitroaromatic synthesis factories.
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