Open Access Article. Published on 16 June 2022. Downloaded on 2/7/2026 7:47:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 17794

Received 18th April 2022
Accepted 10th June 2022

DOI: 10.1039/d2ra02482a

rsc.li/rsc-advances

Impedimetric detection of 2,4,6-trinitrotoluene
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Herein, we report the application of amine-surface-functionalized halloysite nanotubes (HAs) as active
materials for the quantitative detection of 2,4,6-trinitrotoluene (TNT). The findings indicated that HA
could selectively capture TNT via a strong reaction between the amine groups on its surface and the
TNT molecules. Plate electrodes were fabricated from HA to evaluate its TNT-sensing capacity by
electrochemical impedance spectroscopy. Upon binding with TNT, the proton conductivity on the HA
plate electrodes increased linearly with the TNT concentration from 1.0 x 107 M to 1.0 x 10™* M. The
HA plate electrodes exhibited good sensitivity with a detection limit of 1.05 x 1072 M. Subsequently, the
cycling measurements of the TNT binding/removal were performed on the HA plate electrode, and the
material exhibited high stability, good regenerative ability, and good reversibility without a significant
decrease in efficiency. The present work highlights the significant application potential of HAs for the
electrochemical detection of TNT.

Introduction

The compound 2,4,6-trinitrotoluene (TNT) is a generally known
nitroaromatic explosive material. It is extensively employed in
military activities, mining, and various industrial processes,
including textile dye/agrochemical production and chemical
syntheses.' However, TNT is highly toxic, carcinogenic, and
biologically persistent. Reports have indicated that direct
exposure to a certain level of TNT can induce skin irritation,
anemia, and abnormal liver function.>*® The contamination of
soil and groundwater with TNT, resulting from its improper
handling, processing, and disposal, is a major source of
hazardous environmental pollution.”® Consequently, rapid and
reliable methods for the trace detection of TNT are of great
importance for public security and environmental monitoring.

A variety of methods have been reported for the detection
and analysis of TNT and other explosives in environmental
samples, including mass spectrometry, ion-mobility spectros-
copy, fluorescence spectroscopy, surface-enhanced Raman
scattering, and gas and liquid chromatography.®*® However,
these methods require intricate equipment and involve
complicated procedures.*" In addition, it is difficult to minia-
turize and implement these systems into hand-held devices for
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real-time applications. Recently, the electrochemical method
has emerged as an attractive detection system for the on-site
measurement of nitroaromatic explosives owing to its high
specificity and sensitivity, manipulation simplicity, portability,
and low cost.™" Extensive efforts have been devoted to the
development of suitable chemical platforms for the electro-
chemical detection of TNT.>***¢® For instance, Ho et al.*” re-
ported an interesting application of electrochemical impedance
spectroscopy (EIS) to detect TNT in the sandwich structure of
amine-functionalized gold film electrodes, TNT, and an anti-
TNT aptamer. A good detection limit and a dynamic range of
10" M TNT and 10~ '*-10"* M, respectively, were achieved.
Furthermore, Zhang et al.”*® implemented a smartphone-based
impedance-monitoring system using screen-printed electrodes
modified with TNT-specific peptides as biosensors. This system
could detect compounds at concentrations of as low as 10™° M.
These results validate the potential of EIS for TNT detection and
highlight a path for portable TNT-sensing systems. However,
these chemical platforms use molecular recognition biomate-
rials, such as aptamers, antibodies, and peptides, which require
a complicated selection of biomolecules with high affinity and
selectivity toward their specific targets. In addition, these
materials must be stored under controlled conditions to
maintain their stability and activity.>*>*>

Considering that amine groups can selectively react with
TNT molecules,**** amine-based materials have been exten-
sively developed for the detection and determination of TNT.
The interaction between TNT and primary amines occurs via
two mechanisms.*® First, the electron-rich amine transfers

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra02482a&domain=pdf&date_stamp=2022-06-15
http://orcid.org/0000-0003-0352-3141
http://orcid.org/0000-0001-8505-6844
http://orcid.org/0000-0001-6902-4519
http://orcid.org/0000-0001-9774-5057
http://orcid.org/0000-0002-8242-4952
https://doi.org/10.1039/d2ra02482a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02482a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012028

Open Access Article. Published on 16 June 2022. Downloaded on 2/7/2026 7:47:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

NH,

\/0\ ./\/_NH’

OH OH OH OH OH OH /s'\
0 0—
A
0 | >
(3-aminopropyl)triethoxysilane
(APTES)
HNTs

Si Si
/IN /1N
00 00 OO

HA HA/TNT

View Article Online

RSC Advances

NH,

Scheme 1 Schematic of surface modification of HNTs with APTES to produce amine-functionalized HNTs (HA), followed by the interaction of

NH, functional groups on the surface of HA with TNT.

a charge to the electron-deficient aromatic ring of TNT, which
leads to the formation of a Meisenheimer complex.** Second,
the TNT acts as a Bronsted-Lowry acid, forming an acid-base
pairing with the basic amine. Subsequently, the methyl group of
TNT is deprotonated by the primary amine, and the negative
charge on the TNT anion is distributed throughout the mole-
cule via resonance stabilization by three electron-withdrawing
nitro groups.* Both the TNT anion and TNT-amine complex
can strongly absorb green light and exhibit a deep red color.***
Reports have demonstrated that TNT can be detected and
captured using (3-aminopropyl)triethoxysilane (APTES)-surface-
functionalized materials. Numerous probing methods based on
APTES-functionalized materials have been reported, including
colorimetry, fluorescence quenching, or molecular imprinting
techniques on silica nanomaterials,*>***** surface plasmon
resonance using gold-coated sensor chips,®*® and sensing tech-
niques using field-effect transistors with silicon nanowires.*

Halloysite nanotubes (HNTs) are naturally occurring alumi-
nosilicate minerals with unique properties, including high
natural abundance, low cost, and high chemical and mechan-
ical stability.*”** HNTs have a hollow tubular structure, diam-
eters typically smaller than 100 nm, and lengths of several
hundred nanometers.*”** The inner and outer surfaces of HNTs
consist of the aluminol (Al-OH) and siloxane (Si-O-Si) groups,
respectively, which are chemically reactive and can, thus, be
modified to enhance their surface properties for various appli-
cations, including electrochemical sensing, drug-delivery
support, and catalysis.**** Recently, we reported an electro-
chemical CO, sensor based on amine-modified HNTs using EIS
as a detection method.*®

In this study, the surface functionalization of HNTs with
APTES was performed using a self-assembled monolayer (SAM)
method to produce amine-functionalized HNTs (HA)
(Scheme 1). The application of HA for the electrochemical
sensing of TNT was investigated via EIS. Plate electrodes were
fabricated from the HA materials for use in the conductivity
analysis using the AC impedance method (2-point probe). The
changes in the proton conductivity of HA upon binding with
TNT at different concentrations were measured. In addition, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

sensing properties of HA, including its selectivity, stability,
reusability, and regenerative ability, were examined.

Experimental section

Materials and chemicals

The HNTs and APTES (CoH,3NO;Si, 99% purity) were purchased
from Sigma-Aldrich. TNT and 2,4-dinitrotoluene (DNT) were
generously provided by the Army Research and Development
Office of Thailand. The compounds 2,4-dinitrophenol (2,4-DNP)
and 4-nitrophenol (4-NP) were purchased from Tokyo Chemical
Industry Co., Ltd. Toluene, ethanol, and acetonitrile were
purchased from Emsure, Carlo Erba Reagents, and Burdick &
Jackson, respectively. All reagents were of analytical grade and
used as received without further purification.

Synthesis of HA

To synthesize HA, we followed the procedures presented in our
recently published work.*® Briefly, 1 g of the HNTs in a round-
bottom flask was purged with N, gas for 25 min. Thereafter,
approximately 12 mL of toluene was injected into the flask. The
mixture solution in a N, atmosphere was continuously stirred
and heated to 60 °C. Subsequently, the APTES solution was
injected into the round-bottom flask. Shortly after, the
temperature of the resulting mixture solution under a N,
atmosphere was increased to 120 °C and maintained for 8 h.
Next, the suspension was centrifuged. The white HA powder was
separated and washed three times with toluene and ethanol,
separately, after which it was oven-dried at 120 °C for 18 h.

Preparation of the HA/TNT powder samples

The solution of TNT was prepared in different concentrations
ranging from 1.0 x 10" M to 1.0 x 10 * M in the ethanol/
acetonitrile (80 : 20 v/v) solvent system. The colorless solution
of TNT (0.5 mL) was poured into the vial containing the white
powder of HA (0.25 g), which equals a liquid-to-solid ratio of
2:1. After mixing the HA powder and TNT solution, a red
Meisenheimer complex was observed. Subsequently, the
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suspension of HA/TNT was allowed to stand overnight at room
temperature to ensure the complete evaporation of the solvent.
Finally, the dried powder of the HA/TNT samples was collected
for characterization and EIS measurements.

Characterization

The thermal stability of the HNTs and HA samples was inves-
tigated via thermogravimetric analysis (TGA, PerkinElmer, TGA
7) in the temperature range of 30 °C-800 °C, at a heating rate of
10 °C min~* under a N, atmosphere.

Attenuated total reflectance-Fourier transform
(ATR-FTIR) spectroscopy was conducted on a Bruker Vertex70
FTIR spectrometer in the region of 4000-400 cm™". The surface
morphologies of the HA and HA/TNT samples were investigated
by scanning electron microscopy (SEM) using an FEI Quanta
540 microscope. The sample surface was sputtered with
conductive gold before the SEM measurements being per-
formed. The X-ray photoelectron spectra were recorded using
a PHI 5000 Versa Probe II XPS system (ULVAC-PHI, Japan) with
Al Ko (1486.6 eV) as an Xray source. The obtained X-ray
photoelectron spectroscopy (XPS) data were analyzed using
CasaXPS software. The UV-vis absorption spectra were recorded
on a PerkinElmer Lambda 365 UV-Vis spectrophotometer.

infrared

EIS measurements

The changes in the proton conductivity of the unmodified and
modified HNTs upon binding with TNT were measured via EIS.
A plate electrode with a 2 mm thickness was constructed by
pressing the powder sample (~0.25 g) of HA/TNT or HNTs/TNT
of various TNT concentrations between two sheets of nickel
foam in a pellet die (diameter: 10 mm) under a hydraulic
pressure of 0.3 metric tons. Both sides of the plate electrode
were coated with conductive silver epoxy (types A and B,
Chemtronics) and connected to copper wires. Subsequently, the
plate electrode was heated to 60 °C for 30 min in an oven to dry
the conductive epoxy. Before the EIS measurements, methanol
vapor was introduced to the plate electrode for 60 s, after which
the plate electrode was electrically connected to an impedance
spectrometer (PalmSens, PalmSens4 potentiostat). EIS
measurements were performed at room temperature (35 °C + 2
°C) with an AC perturbation of 20 mV and over a frequency
range of 1-10° Hz, without applying DC voltage. Subsequently,
the impedance data were quantitatively interpreted by fitting
them to an equivalent circuit model (Randles circuit). The
analysis was conducted using the PSTrace software version 5.7.
All the EIS evaluations were conducted on, at least, three plate
electrodes at the same concentration to ensure the consistency
of the measurements.

The selectivity measurement toward TNT was performed
with other nitroaromatics, including 2,6-dinitrotoluene (2,6-
DNT), 2,4-dinitrophenol (2,4-DNP), and 4-nitrophenol (4-NP).
Experiments were conducted by mixing 0.50 mL of each of these
interference materials at a concentration of 10™° M with 0.25 g
of the HA powder and subsequently measuring the change in
the proton conductivity. The procedures for sample preparation
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and EIS analysis were done in a similar fashion, as previously
described for TNT.

The procedure used to regenerate the HA/TNT in this work
was obtained by modifying a previously reported method.***
The TNT-binding/removal cycling experiments were conducted
by EIS to evaluate the stability and reversibility of the HA plate
electrode. The changes in the impedance of the HA/TNT plate
electrode were measured with respect to the TNT-binding cycle.
Thereafter, the regeneration step was performed by adding
5 mL of ethanol into the powder sample of HA/TNT to remove
the TNT molecules that were bound to the HA surface. Next, the
suspension was stirred at room temperature for approximately
10 min and centrifuged to collect the solid samples of HA. All
the regeneration steps were repeated three times to ensure that
the free HA was obtained. After the regeneration, the impedance
changes were measured on the plate electrode of the obtained
samples with respect to the TNT-removal cycle. The resistance
value of the plate electrode of the pure HA was considered as the
baseline for the TNT-removal cycle.

Results and discussion
Characterization of the HNTs and HAs

The internal and external surfaces of the HNT nanotubes
mainly consist of aluminol (Al-OH) and siloxane (Si-O-Si),
respectively, which allow different inner/outer surface chemis-
tries and selective surface functionalization.**** The silanol (Si-
OH) groups occurring at the crystal defects of the external
surface provide the accessibility for the surface functionaliza-
tion.*>*%! In this work, the selective surface functionalization of
HNTs with APTES was performed using the SAM method to
obtain amine-functionalized HNTs, according to the procedures
reported in our previous work.*® The SAM pattern of APTES was
grafted onto the HNT surface through the Si-O-Si bonding
occurring between the surface Si-OH groups of the HNTs and
the polysiloxane groups of APTES (Scheme 1).°> In our previous
work,*® the effect of APTES concentration used in the synthesis
of HA was investigated using APTES concentration ranging from
2 wt% to 70 wt%. The grafting density of APTES indicated that
the surfaces of the HNTs were saturated upon the addition of
20 wt% APTES, which was found to be an optimal concentra-
tion, and thus selected for use in the present work.

The FTIR spectra of the HNTs and HAs (see Fig. 1) were
recorded to examine the chemical changes after the grafting of
APTES on the HNT surface. The peak positions and corre-
sponding assignments of both samples are given in Table S1 in
ESI.f The assignments are consistent with those in our previous
work*® and other reports on APTES-functionalized HNTs.**** In
the spectra of both the HNTs and HA, the well-defined peaks at
3695 and 3622 cm ™' are assigned to the stretching vibration of
the outer- and inner-surface hydroxyl groups, respectively. The
bands at around 1120 and 1030 cm™ " can be attributed to the
perpendicular and in-plane Si-O stretching. In the enlarged
FTIR spectrum (see the inset in Fig. 1), new peaks for HA can be
observed at 3456 and 2932 cm™ ', corresponding to the N-H
stretching and C-H, stretching, respectively, and at 1568 and
1487 cm ™', corresponding to the deformation of N-H, and C-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FTIR spectra of the HNTs and HA. The inset shows the chemical
changes due to the grafting of APTES on the surface of HNTs in the
region of 3655-1200 cm™™.

H,, respectively. The FTIR results validated the successful
surface functionalization of the HNTs with APTES.

The thermal decomposition behaviors of both the HNTs and
HA were examined via TGA in the temperature range of 30 °C—
800 °C under a N, atmosphere to determine the amount of
APTES grafted onto the HNT surface. The TGA and derivative
thermogravimetric (DTG) curves of the raw HNTs and HA are
presented in Fig. S1, ESI.T Both materials exhibited two weight-
loss steps at 30 °C-150 °C, corresponding to the desorption of
physisorbed water from the surface of the HNTs, and above
350 °C, associated with the dehydroxylation of the AI-OH and
Si-OH groups of the HNTs.>**¢ For the HA sample, the addi-
tional decomposition of the APTES species grafted onto the Al-
OH and Si-OH groups on the HNT surface was observed in the
temperature range of 250 °C-350 °C.** The weight losses of both
the HNTs and HA obtained from the TGA data are presented in
Table S2, ESI.T The amount of APTES grafted onto the surface of
HNTs was calculated from the weight loss of HA at 250-800 °C
using the equation presented in our previous work.*® The
grafting density was equal to 6.74 APTES molecules per square
nanometer of the HNTSs, which was consistent with the value
obtained in the previous work.*®

Interaction of the HAs and TNT

The interaction between the TNT and HAs was investigated by
adding the white powder of HA into the colorless solution of
TNT in a liquid-to-solid ratio of 2 : 1 (mL of TNT solution per
gram of dry material). The TNT solution was prepared in various
concentrations ranging from 1.0 x 10°* M to 1.0 x 10~ M in
the ethanol/acetonitrile (80 : 20, v/v) solvent system. After mix-
ing the HA powder and TNT solution, a red Meisenheimer
complex was apparently formed by the reaction between the
TNT molecules and the amine head groups attached to the HA
surface. A gradual change in color to dark red was observed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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when the TNT concentration was increased, as presented in
Fig. S2, ESLt{ The suspension of HA/TNT was subsequently
stored overnight at room temperature until the solvent was
completely evaporated. The dried powder of the HA/TNT
samples was collected for the FTIR and EIS measurements.
Notably, the red color of the HA/TNT powder samples appeared
lighter than that of the suspension (Fig. S27). This could be due
to the increased chemical stability of the Meisenheimer
complex, which can be attributed to the solvation effect. The
apparent colorimetric detection limit for the naked eye was
10~® M of TNT. In addition, UV-vis spectroscopy was performed
on the powder samples of HNTs, HA, and HA/TNT with the
addition of 10~* M TNT in the region of 400-750 nm, the results
of which are presented in Fig. S3, ESL.f While there is no
absorption peaks observed in the spectra of HNTs and HA
(Fig. S3,T blue and black lines, respectively), as expected, the
HA/TINT powder sample exhibits a broaden absorption peak
centering at 520 nm (Fig. S3,t red line), which ascribes to the
formation of Meisenheimer complex between amine groups on
the surface of HA and TNT.

FTIR spectroscopy was employed to confirm the complex
formation between HA and TNT, and the results are presented
in Fig. S4, ESI.} The results indicate two distinct peaks at 1333
and 1491 cm ™', assigned to the symmetric and asymmetric
N=O0 stretching of aromatic nitro compounds, respectively.>”
The intensity of the 1333 and 1491 cm ™" peaks rapidly increased
with the concentration of TNT, as presented in the inset of
Fig. S4.1

XPS was also used to confirm the presence of complex
between TNT and HA and the results are shown in Fig. S5.1 The
fine scan on N atom in HA shows the peaks at BE of 399 and
401 eV, corresponding to C-NH, and C-NH;", respectively.*® We
believe that the presence of C-NH;" in HA is mainly from water
adsorption from ex situ analysis. Additional peak at BE of
405.9 eV, corresponding to -NO, was observed on HA/TNT,
confirming the attachment of TNT on HA surface.

The surface morphologies of the HNTs, HA, and HA/TNT
were examined using SEM, the results of which are displayed
in Fig. S6, ESLf SEM images of both the HNTs and HA
(Fig. S6(a) and (b),t respectively) demonstrate that they have
a nanotubular structure with an open-ended lumen, only the
nanotubes of the HA materials become less compacted. The
results show that the surface modification of HNTs with APTES
does not destroy the pristine structure of HNTs. Additionally,
SEM image of the HA/TNT powder at TNT concentration of
107" M (Fig. S6 (c)t) reveals that the HA/TNT consists of
cylindrical-shaped nanotubes similar to those observed in the
HA, indicating that the interaction between HA and TNT to
produce the Meisenheimer complex of HA/TNT does not have
an influence on the morphology of the HA.

EIS

HNTs and HA contain hydroxyl and amine groups in their
frameworks, which can release protons into the pores, confer-
ring proton conductivity.*****® In this work, EIS was used to
study the changes in the proton conductivity arising from the

RSC Adv, 2022, 12,17794-17802 | 17797
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binding between the HA and TNT molecules. The powder
samples obtained from the interaction between HA and TNT at
different concentrations were collected and fabricated into
plate electrodes for use in the AC impedance experiments. As
a control experiment, the changes in the impedance of the
unmodified HNTs were also investigated. Prior to any imped-
ance measurements, all the plate electrodes were dried and
subsequently saturated with methanol vapor, as previously
described in the Experimental section. All impedance
measurements were performed at room temperature (~35 °C £
2 °C).

First, the AC impedance measurements were performed to
measure the changes in the impedance of the plate electrodes of
the pure HNTs and HNTs/TNT with added TNT at concentra-
tions ranging from 1.0 x 10~ M to 1.0 x 10~* M. The obtained
impedance results of all samples are shown in the Nyquist plots
(Fig. S7, ESIT), in which the imaginary impedance (Z”) is plotted
against the real impedance (Z'). The impedance data were
quantitatively interpreted by fitting to a Randles circuit. The
resistance (R) on the real impedance axis in the low-frequency
range is associated with the proton transfer occurring on the
plate electrode's material. The results indicate that the average
resistance of the HNT plate electrodes is approximately 5.7 x
10° Q. Meanwhile, the R values of the HNT/TNT plate electrodes
were determined to range from ~2.0 x 10° Q to 3.0 x 10° Q over
the concentration range of TNT from 1.0 x 10~ * M to 1.0 x
10~"! M. The insignificant change in the proton conductivity on
the HNT/TNT indicates that the unmodified HNTs are insen-
sitive to TNT.

Next, the plate electrodes of the bare HA and HA/TNT with
added TNT in concentrations ranging from 1.0 x 10~ M to 1.0
x 10~* M were subjected to impedance measurements. The
Nyquist plots of both the bare HA and HA/TNT are presented in
Fig. 2. The average R value of the bare HA taken from the
impedance results is ~6.5 x 10”7 Q. After the interaction
between HA and TNT, the plate electrodes of HA/TNT exhibited
a decrease in the R values to ~9.9 x 10° Q at 1.0 x 10~ " M of
TNT, and the resistance was significantly reduced to ~3.2 x 10°
Q at very high concentrations of TNT over 1.0 x 10~> M. The
significant increase in the proton conductivity can be mostly
attributed to the acid-base pairing mechanism between the
TNT molecules and the amine groups attached to the HA
surface. The methyl groups of TNT are deprotonated by a basic
amine (Scheme 1), which enhances the proton-hopping mech-
anism and, consequently, the proton conductivity of the mate-
rial. To evaluate the efficacy of HA for TNT sensing, the
relationship between the impedance responses of both the
HNTs and HA samples and concentrations of TNT in the range
of 107''-10"* M was investigated, as presented in Fig. 3. The
relative change in the resistance of HA upon binding with TNT
is linearly proportional to the TNT concentration, whereas the
HNTs exhibited almost similar relative resistance values over
the TNT concentration range. The results validate the high
sensitivity of HA toward TNT. The detection limit of the HA
plate electrode was calculated to be 1.05 x 10~'* M using the
3ag/slope formula.
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data were fitted to a Randles circuit model, and only the fitted data are
shown as solid lines.
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Fig. 3 Plot of the average relative resistances of the HNTs () and HA
(M) plate electrodes as a function of the TNT concentration, where Rq
and R denote the resistances of the plate electrodes measured without
and with TNT, respectively. All experiments were conducted in three
replications using the same batch of samples.

To test the cross-reactivity of this detection system, imped-
ance measurements were performed on the plate electrodes of
the powder samples that were obtained from the addition of the
HA into a solution of various structurally-related nitroaromatics
at a concentration of 1.0 x 10~° M, including TNT, 2,6-dini-
trotoluene (2,6-DNT), 2,4-dinitrophenol (2,4-DNP), and 4-nitro-
phenol (4-NP), whose chemical structures are presented in
Fig. S8, ESI.T The resistance values of the HA plate electrodes
measured with these nitroaromatics are summarized in Table
S3, ESLt The changes in the resistance of the HA/TNT plate
electrode are significantly stronger than those of other nitro-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Three replications of all the experiments were performed using the
same batch of samples.

substituted aromatics (Fig. S8, ESIT). It was also noted that the
resistance changes of the plate electrode of HA and the added
2,4-DNP or 4-NP are approximately half those of TNT. This is
likely attributed to the formation of the phenolate complex by
the acid-base pairing reaction between the phenolic groups of
these two molecules and the amine groups on the HA surface,*
which results in an increase in the proton mobility of the
material and, consequently, a reduction in the resistance,
similar to the event that occurred between HA and TNT.
However, the results clearly indicate that the TNT molecules
with a high electron-withdrawing nature have a higher ability to
react with the amine groups attached to the surface of HA than
the others, thus confirming that HA is more selective
toward TNT.

Finally, an important issue to consider for the application of
this material in a real-time field sensor is its ability to rapidly
regenerate after operation. Therefore, TNT-binding/removal
cycling experiments were conducted using EIS to demonstrate
the reversibility and stability of the HA plate electrodes. The
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changes in the impedance of the HA/TNT plate electrode were
measured with respect to the TNT-binding cycle. After the
reaction of TNT and HA, ethanol, as the washing solution, was
introduced into the HA/TNT mixture to remove the TNT from
the system according to the procedures discussed in the
Experimental section; thereafter, the impedance changes were
measured on the plate electrode of the obtained samples with
respect to the TNT-removal cycle. The resistance value obtained
from the plate electrode of the pure HA was considered as the
baseline value for the system without TNT. The resistance
values obtained from fitting the impedance data to the Randles
circuit are summarized in Table S4, ESIf and presented in
Fig. 4. The HA plate electrode exhibited a high degree of
reversibility during the TNT-binding/removal cycles. The R
value of the plate electrode decreased from ~6.0 x 10’ Q to ~5.4
x 10° Q after binding with TNT at a concentration of 1.0 x
10 ° M (i.e., an increase in the proton conductivity by a factor of
~10 fold), and the resistance reverted to the baseline value after
the removal of TNT. This process is completely reversible,
without a significant decrease in performance, evidencing the
significant sensing stability and reproducibility of the HA plate
electrode for the TNT detection.

Table 1 shows some examples of the materials reported
recently as a chemical platform for electrochemical detection of
TNT and their detection limit. Of these, the electrochemical
aptamer-based assay exploiting the interaction of TNT and
primary amine and TNT with the aptamer has the lowest
detection limit of 107'* M TNT,”” however, the aptamer is an
recognition biomaterial which requires a complicated selection
with high affinity and selectivity toward specific targets and
must be stored under controlled conditions to maintain their
stability and activity.>>**** The APTES-functionalized halloysite
nanotubes (HA) using EIS as a detection method proposed in
the present work has the second lowest detection limit with
high sensing stability and reversibility. Though, it may require
somewhat long time to synthesize HA in the laboratory (16
hours), the process is, however, straightforward, doesn't require
special treatment and could be stored at room temperature. As
a result, we believe that this material could be potentially
employed to test TNT in field study. In fact, we are currently
working on utilizing this material in screen-printed electrode
and will present the results in the future.

Table 1 Detection limit of TNT and detection technique of some materials using as a chemical platform for electrochemical detection of TNT

Detection limit

Material of TNT (M) Detection technique Ref.
TiO, nanotube arrays 4.4 x 107" Cyclic voltammograms 22
Polyaniline/gold nanoparticles/carbon nanotubes composite electrodes 4.84 x 107 "? Cyclic voltammograms 60
Gold nanoparticles/poly(carbazole-aniline) film-modified glassy carbon electrode 1.10 x 1077 Cyclic voltammograms 61
Poly(styrene-co-acrylic acid) PSA/SiO,/Fe;0,/AuNPs/lignin-modified glassy carbon electrode 3.5 x 10~ Cyclic voltammograms 62
Single-, few-, and multilayer graphene nanoribbons and graphite microparticles 4.40 x 10°° Cyclic voltammograms 63
Carbon nanotube modified electrode 1x10°° Cyclic voltammograms 64
Tonic liquid gel-polymer electrolyte film 1.63 x 10°° Cyclic voltammograms 65
Aptamer-based assay with amine functionalized gold film electrodes 1x10 ™ EIS 27
Screen-printed electrodes modified with TNT-specific peptides 1x10°° EIS 28
(3-Aminopropyl)triethoxysilane (APTES)-functionalized halloysite nanotubes 1.05 x 10~ ' EIS This work
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Conclusions

The surface functionalization of HNTs with APTES to produce
the amine-functionalized HNTs was achieved using the SAM
technique. The HA plate electrodes were fabricated and used as
an electrochemical sensor for the detection and quantification of
TNT with EIS as the detection method. The proton conductivity
of the HA/TNT plate electrodes increased. This was attributed to
an increase in the proton mobility during the acid-base pairing
reaction between the TNT molecules and the amine groups
attached to the HA surface. The correlation between the proton
conductivity on the HA plate electrode and the change in the TNT
concentration from 1.0 x 10~ M to 1.0 x 10~ * M revealed that
the proton conductivity linearly increases with the TNT concen-
tration. The HA plate electrode was selective toward TNT with
good sensitivity. The detection limit of the system obtained from
the calculation using the 3g/slope equation was 1.05 x 10~ "> M.
In addition, the HAs were highly stable and exhibited excellent
reversibility during the TNT-binding/removal cycles without any
significant reduction in efficiency. Therefore, this study high-
lights the significant application potential of HA for the elec-
trochemical sensing of TNT.
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