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Abstract
A reusable, low–cost, and convenient ethylenediamine (EDA)–bound magnetite nanoparticles (MNPs)–based colorimetric
sensor has been developed for dual function colorimetric determination of nitroaromatic explosives such as TNT and tetryl.
Colorimetric detection of analytes may occur through two independent routes: (1) nano−Fe3O4− EDA−NH2 as σ−donor may
interact with the σ− and π−acceptor aromatic−poly(NO2) groups to produce a colored charge−transfer (CT) complex; (2) nano
−Fe3O4−EDA−NH2 as a Fenton-type nanozyme may generate reactive species that comprise hydroxyl radicals (•OH) with H2O2

to oxidize 3,3′,5,5′–tetramethylbenzidine (TMB) to a blue-colored diimine (oxTMB−TMB) CT complex, where this color is
bleached with TNT/tetryl because of donor−acceptor interactions between the explosive –NO2 groups and the –NH2 group of
Fe3O4−EDA nanoparticles of restricted nanozyme activity. Both methods can quantify TNT well below the EPA recommended
TNT residential screening level in soil, LOD being in the micromolar range. As EDA was covalently bound to MNPs, the same
sensor can be separately reused six times for TNT and eight times for tetryl determination, using method (1). Commonmetal ions,
anions, energetic materials, several camouflage materials, and soil components such as humates did not interfere with
the nanosensor performance for TNT and tetryl. The combination of charge−transfer and nanozyme ability of Fe3O4− EDA
−NH2 nanoparticles may bring a new approach to dual function colorimetric sensor design. To the best of our knowledge, this is
the first dual function colorimetric sensor for TNT and tetryl using the same nanoparticles as sensing elements in two different
detection systems involving either formation or bleaching of colored species.

Keywords Dual function colorimetric sensor . Nitroaromatic explosives . Charge–transfer complex . Spectrophotometric
determination . Amine functionalized nanoparticles

Introduction

2,4,6–Trinitrotoluene (TNT) is a nitroaromatic explosive that
was widely released into soil and water ecosystems after in-
tensive use during both world wars (without mentioning post-
war activities). Therefore, many sites used for the production
of TNT are severely contaminated with explosives and related
compounds [1,2]. Typical areas may be contaminated with
TNT up to 10 g kg−1 in soils and up to 100 mg L−1 in water
samples. Tetryl is also responsible for environmental pollution
in soil and groundwater [3]. Tetryl is also toxic and mutagenic
to several different bacteria. Dermatitis has also been observed
after prolonged exposure to this explosive substance [4]. In
this context, numerous analytical methods have been devel-
oped to measure traces of TNT and tetryl in complex environ-
mental matrices. Due to the electron withdrawing nitro groups
attached to the aromatic ring, these substances can interact
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with other electron–rich donor molecules as proton donors, σ–
and π– acceptors, H−bond acceptors, and electron–transfer
agents via π stacking feature, forming the basis of various
spectroscopic techniques used in their determination [5].

Many spectroscopic methods have been applied to the de-
tection of TNT and/or tetryl such as colorimetry [6,7],
terahertz spectroscopy [8], photo–thermal infrared imaging
spetroscopy [9], ion mobility spectrometry [10], mass spec-
trometry [11], and infrared and Raman spectroscopy [12]. The
presence of electroactive nitro groups also gave way to elec-
trochemical detection techniques [13,14].

Miniaturization and portability are required to develop and
improve analytical techniques. Nanoparticle–based colorimet-
ric sensors have some advantages, such as small size and large
specific surface area, enhanced reactivity, high sensitivity, and
embedding ability into thin films and other matrices that can
be attached to paper and optical devices suitable for automatic
analysis. Nanotechnology and nanostructured materials are
finding increased use in science and technology, and as a part
of these nanomaterials, MNPs are on the rise for applied re-
search fields such as analytical chemistry, biosensing, and
nanomedicine [15]. The combination of magnetically separa-
ble nanoparticles with various analytical methods has enabled
operations such as sensing [16,17], capture of analyte [18],
and wastewater purification [19]. Many synthesis methods
of magnetic nanoparticles were developed with different func-
tional groups linked to their surfaces [15,20].

3,3′,5,5′–Tetramethylbenzidine (TMB) is a safe (non–mu-
tagenic) chromogenic reagent and a horseradish peroxidase
(HRP) substrate that can form a charge transfer (CT) complex
with its oxidized form [21] to form a blue solution [22]. TMB
requires a peroxidase-like catalyst to form this blue CT com-
plex with H2O2 acting as oxidant. Magnetite (Fe3O4) nano-
particles acting as nanozymes have been first discovered in
2007 to display intrinsic peroxidase–like behavior, with HRP–
like catalytic activity [23]. Fe3O4 NPs (MNPs) were shown by
our research group to give a Fenton–like reaction with H2O2

to generate hydroxyl radicals (•OH) [24] that can oxidize
TMB to the blue–colored CT complex showing maximal ab-
sorption at the 650–nm wavelength. Nanozymes such as
MNPs generally give rise to more robust analytical determi-
nations than peroxidase enzymes due to their lower sensitivity
to pH and temperature changes than enzyme proteins [23].
This study aims to demonstrate a similar peroxidase–like be-
havior of EDA–derivatized MNPs and to exploit this feature
in an indirect TNT/tetryl assay.

TNT is known to form a charge transfer complex with
various amines, including dicyclohexylamine (DCHA)
[7,25], isopropylamine, tetraethylene–pentamine, and bis(3–
aminopropyl)amine [26]. Among these, ethylenediamine
(EDA) was found to provide the most stable complex with
the largest association constant [26]. It is well known that
strong acid–base pairing interaction occurs between the

electron–rich amino groups and electron–deficient
nitroaromatic rings [27–29]. TNT, a typical electron–
deficient nitro compound, can selectively interact with prima-
ry amines to form TNT−amine complexes through the charge
transfer from the donor (amine group) to the acceptor
(nitroaromatic group). This specific interaction makes it fea-
sible to design the surface chemistry of nanomaterials for the
selective and sensitive detection of TNT [29–31].

In this study, EDA–modified MNPs were synthesized, as
described by Songvorawit et al., [32] by necessarily changing
some parameters regarding the single step “polyol synthesis”
of amino–functionalized MNPs for the manufacture of a sen-
sitive, reusable, and low–cost MNPs–derivatized colorimetric
sensor to detect TNT/tetryl. The detection principle is related
to CT–complexation between free –NH2 group of EDA–
modified MNPs and –NO2 groups of TNT/tetryl, and this
active principle is predominant in both procedures (methods
−1 and 2) using the developed sensor. Although SERS [33],
voltammetric [34], and fluorometric [35] methods have been
reported for TNT determination using modified MNPs, this
EDA–bound MNPs sensor is the first of its kind in reliably
determining TNT/tetryl by giving rise to two distinct colori-
metric procedures comprising charge−transfer and redox ca-
talysis. Both procedures proved to be sufficiently sensitive to
quantify TNT in synthetically contaminated soil with LOQ
below the concentration levels set by US EPA for soil reme-
diation (the residential soil screening level (SSL) of TNT was
21mg kg−1, while 79mg kg−1 was set for industrial SSL) [36].

Experimental

Materials and chemicals

Ethanol (EtOH), acetone, acetonitrile (AcCN), ethylene glycol
(HOCH2CH2OH), ethylenediamine (EDA), 3,3′,5,5′–
tetramethylbenzidine (TMB), and humic acid were purchased
from Sigma–Aldrich (St. Louis, MO, USA, www.
sigmaaldrich.com). Iron (III) chloride hexahydrate (FeCl3.
6H2O), sodium acetate (CH3COONa), sodium hydroxide
(NaOH), 2,4,6–trinitrophenol (picric acid, PA), and dimethyl
sulfoxide (DMSO) were obtained from Merck (Darmstadt,
Germany, www.merckmillipore.com). The explosive
materials TNT (pure), tetryl (pure), 1,3,5–trinitroperhydro–
1,3,5– tr iazine (RDX, which contains 85% active
coumpound), 1,3,5,7–tetranitro–1,3,5,7–tetraazacyclooctane
(HMX, pure), composite B (60% RDX + 39% TNT + 1%
wax), composite C–4 (91% RDX + 5.3% di(2–ethylhexyl)
sebacate +2.1% polyisobutylene +1.6% fuel oil), tetrytol
(70% tetryl +30% TNT), octol (70% HMX + 30% TNT),
pentaerythritol tetranitrate (PETN, pure), ammonium nitrate
(AN), and 2,4–dinitrotoluene (DNT, pure) were kindly sup-
plied by the Mechanical and Chemical Industry Corporation
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(Makine Kimya Endustrisi Kurumu, MKEK, www.mkek.
gov.tr) of Turkey. 1,3,5–Triamino–2,4,6–trinitrobenzene
(TATB) explosive was provided by AccuStandard. RTC
blended sandy soil (clean sandy soil), used as a sample for
the determination of explosives such as TNT, tetryl, and
tetrytol in the soil, was purchased from Sigma-Aldrich.

Instruments

Shimadzu AUX320 brand balance and Wisd brand Vortex
device were used for preparation of standard and working
solutions; IKA C–MAG magnetic stirrer heater was used for
synthesizing EDA–modified MNPs. Wisd WiseBath water
bath was used for setting the optimal temperature conditions
of the proposed sensor. Shimadzu UV–1800 spectrophotom-
eter and Hellma Suprasil quartz cuvettes (optical thickness
10 mm) were used for all absorption measurements.
Ultrapure water used in the analysis was provided from
Merck Millipore–Direct–Q® 8 UV Remote Water
Purification System (Water resistivity is 18 MΩ·cm). A mag-
net was used to purify and precipitate EDA–modified MNPs.
The proposed method was validated against a gas
chromatographic/mass spectrometric (GC–MS) method [37]
and a liquid chromatographic/mass spectrometric (LC–MS/
MS) method [38] in the literature. A Thermo Scientific
Trace gas chromatograph coupled with a DSQII mass spec-
trometer containing electron impact ionization and a quadru-
pole analyzer was used. The GC was equipped with a Thermo
TR–HT5 column (15 m × 0.25 μm, ID 0.1 μm, 5% phenyl
polycarborane siloxane). LC–MS/MS analysis was performed
using a Shimadzu 8040 LC–MS liquid chromatography–mass
spectrometer equipped with two mass spectrometers contain-
ing an electrospray ionization source with a quadrupole mass
analyzer. The column was a Restek Ultra AQ C18 (3μm by
100 × 2.1 mm inner diameter). The infrared spectra were re-
corded with diffuse reflectance infrared Fourier–transform
spectroscopy (DRIFT) using a Bruker–Alpha T model spec-
trophotometer in the 4000–400 cm−1 range.

Preparation of solutions

Detailed information about all solutions prepared in this study
takes place in the “Electronic Supplementary Material.”

Synthesis, modification, and characterization of
ethylenediamine–modified MNPs

MNPs functionalized with EDA were synthesized using the
polyol technique as described by Songvorawit et al. [32] with
some differences. Details of the synthesis route are presented
in “Electronic Supplementary Material.”

Recommended procedure for TNT and tetryl
determination with methods–1 and 2

For method–1, a volume of 0.5 mL of 1.6% (w/v) dispersed
solution of EDA–modified MNPs in DMSO and 0.5 mL each
of TNT solutions in acetone at different initial concentrations
(2.0–50.0 mg L−1) were mixed in an Eppendorf tube. For the
blank solution, 0.5 mL of 1.6% (w/v) dispersed solution of
EDA–modified MNPs in DMSO was mixed with 0.5 mL of
pure acetone. The samples and blank solution in the
Eppendorf tubes were kept in a water bath at 55 °C for
10 min. The same procedure was applied for tetryl solutions
in acetone at different initial concentrations between 2.0 and
20.0 mg L−1, and then EDA–modified MNPs were precipitat-
ed with the aid of a magnet. The absorbance values of super-
natants were measured against the blank solution at 512 nm
wavelength.

Summarized procedure of method–1, 0.5 mL of 1.6% (w/v)
EDA–modified MNPs+ 0.5 mL TNT/tetryl solution in ace-
tone→ keep in water bath at 55 °C for 10 min→ ppt. MNPs
→ measure supernatant abs.: A512 nm vs. reagent blank.

For method–2, 3.25 mL of 20.0 mg EDA–modified MNPs
dispersed in 25.0 mL of ultrapure water were taken and trans-
ferred to an empty flask. To the EDA–modified MNPs,
10.0 mL of stock H2O2 (1.0 × 10−2 M), 2.5 mL of acetate
buffer (1.0 M, pH 4.0), and 5.0 mL of stock TMB solution
(1.0 × 10−3 M) prepared in ethanol were added and left in the
dark for 60 min to equilibrate. At the end of this period,
0.5 mL of the blue MNPs–TMB solution was added to the
Eppendorf tubes. Then, increasing amounts (5.0–80.0 mg L−1

for TNT, 10.0–100.0 mg L−1 for tetryl) of TNT/tetryl solu-
tions prepared in acetone were added separately to the tubes.
Finally, ultrapure water was added to Eppendorf tubes with a
volume of 1.0 mL. Tubes containing TNT were kept at room
temperature (25 °C) for 5.0 min, tubes containing tetryl for
10.0min at 25 °C, andUV–Vis spectra of all tubes were taken.
The changes (decrements) in the absorbance of solutions at
650 nm wavelength were taken as a measure of inhibition by
nitro explosives of the nanozyme activity of EDA–MNPs.

Summarized procedure of method–2, 0.5 mL of MNPs–
equilibrated TMB solution+ 0.5 mL TNT/tetryl solution in
acetone → keep at room temperature (25 °C) in optimized
time (5 and 10 min for TNT and tetryl, respectively)→mea-
sure solution absorbance: A650 nm vs. reagent blank.

Study of synthetic mixtures of TNT and tetryl

Synthetic mixture solutions of TNT and tetryl (in the mass
ratio varying between 1:1 to 10:1) were prepared with suitable
mixing of 100.0 mg L−1 TNT and 50.0 mg L−1 tetryl stock
solutions, and dilution to yield final mixtures containing
4.0 mg L−1 tetryl (in all mixture samples) and increasing
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concentrations of TNT. The proposed sensing methods–1 and
−2 were applied to these mixture solutions.

Determination of TNT in the presence of common soil
ions and energetic materials

Common soil ions (Cl−, NO3
−, SO4

2−, K+, Mg2+, Ca2+, Al3+);
most used energetic materials such as RDX, HMX, and tetryl;
soil component such as humic acid; and camouflage materials
such as sugar, sweetener, acetylsalicylic acid, paracetamol–
caffeine–based painkiller, and detergent were separately
mixed with a TNT solution at an initial concentration of
20.0 mg L−1 with respect to methods–1 and 2. Additionally,
solutions were prepared with an initial concentration of
20.0 mg L−1 TNT–equivalent in composite B, composite C–
4 and octol. The developed sensing procedure was applied to
these mixture solutions (of composite explosives) and TNT
recovery values were calculated (details given in “Electronic
Supplementary Material”).

Application of the proposed sensor to real soil
samples

Aweight of 2.0 g sandy soil each was transferred to a series of
beakers and 2.5 mL of 100.0 mg L−1 TNT, 80.0 mg L−1 tetryl,
and tetrytol (60.0 mg L−1 TNT + 140.0 mg L−1 tetryl) solu-
tions in acetone were separately used to contaminate these
soils. Synthetically contaminated soil samples were homoge-
nized using ultrasonic bath and then dried at 50 °C. Extraction
process was applied to each contaminated soil sample with the
final volume of 25.0 mL in acetone and then filtered
(CHROMAFIL, PET–20/25). The sensing methods–1 and 2
were applied to the soil extracts diluted 10 times for analysis.

Method validation of the developed sensor against
GC–MS and LC–MS/MS using TNT and tetryl samples

For validating methods–1 and 2, the reference GC–MS and
LC–MS/MS method was used as described in the literature
[37,38]. Application of GC–MS and LC–MS/MS method to

the analytes (TNT and tetryl) and appropriate conditions were
described in “Electronic Supplementary Material.”

Results and discussion

Optimization of the sensor parameters

Some critical parameters for selecting the optimal conditions
of the proposed sensing methods, such as suitable volume of
EDA for functionalizing MNPs, time, and temperature, were
described in “Electronic Supplementary Material.”

Synthesis, modification, and characterization of
ethylenediamine–modified MNPs

The EDA–modified MNPs were synthesized based on the
procedure described in literature. The important advantages
of the procedure were single step synthesis and long–term
stability of the synthesized MNPs; EDA can be effectively
functionalized on the surface of nanoparticles without requir-
ing a second modification step (Scheme 1).

Infrared spectrum (obtained with KBr powder) was taken
and SEM images were recorded at different zoom levels for
the structural characterization of the synthesized nanoparti-
cles. When the infrared spectrum shown in Fig. 1a is exam-
ined, the Fe–O stretching band of the MNPs (Fe3O4) is seen at
around 642 cm−1. The two peaks around 2939 and 2879 cm−1

belong to the C–H vibration of the –CH2 group, and the single
peak around 957 cm−1 to the C–H stretching band. The –CH2

scissoring band is seen at 1527 cm−1. Although the N–H
stretch band is observed at around 1670 cm−1, the character-
istic N–H vibration giving rise to two bands of –NH2 are
observed at 3520 and 3443 cm−1.

In the characterization phase, SEM images of EDA–
modified MNPs at different zoom levels were recorded.
According to SEM results, size distribution of EDA–
modified MNPs were approximately between 57 and 70 nm
(Fig. 1b).

Scheme 1 Schematic illustration of the synthesis process for EDA–modified magnetite nanoparticles (MNPs)
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Working principle of the sensor

The covalent functionalization of MNPs with EDA is shown
in Scheme 1. This was necessary to firmly attach EDA to the
MNPs surface, as both methods−1 and 2 made use of the –
NH2 functional groups of modified nanoparticles which
would not detach upon sensing reactions as required for re-
peated use of the sensor. The developed sensor can detect
nitroaromatic explosives with two different methods. It has
been established that Meisenheimer complexes form between
an electron–deficient nitroaromatic compound and an
electron–rich amine [39]. Three and four nitro groups in
TNT and tetryl, respectively, attract electrons from a charge–
donating primary amine EDA located on MNPs to form
Meisenheimer complexes. This Meisenheimer complex al-
lows a colorimetric detection of TNT and tetryl in the UV–
visible region. Thus, method−1 for TNT and tetryl sensing
with EDA–MNPs relies on this donor−acceptor complexation
(Scheme 2a).

In method–2, the sensor is not directly activated with TNT
and tetryl. Firstly, the peroxidase–mimic EDA–MNPs having
nanozyme activity react with hydrogen peroxide (H2O2) to
generate reactive species that can oxidize the peroxidase sub-
strate TMB to a blue–colored product in acetate buffer (at
pH 4.0). The blue color of oxidized TMB arises from its ca-
pability of forming a CT–complex with unoxidized TMB.

TNT and tetryl compounds added to the medium interact with
EDA–MNPs to partially inhibit their nanozyme activity, re-
verse the CT–complex formation of TMB, and cause a
bleaching of the blue color by disrupting the charge–transfer
complex formed from TMB, and thus colorimetric determina-
tion of these molecules is made possible by this absorbance
decrement at 650 nm (Scheme 2b).

In order to better understand the interaction between EDA–
modified MNPs and TNT (or tetryl) in method–2, the proce-
dure was repeated with EDA–unmodified MNPs (or bare
MNPs). At the end of the experiment, blue color formation
was observed in the solution containing TNT, like in the so-
lution without TNT. This shows that TNT cannot interact with
bare MNPs not functionalized with the –NH2 group of EDA,
and as a result, the Fenton reaction of bare MNPs with H2O2

giving rise to TMB coloration cannot be prevented.

Analytical performance of the proposed sensor
applied to TNT and tetryl samples

“Optimization of reaction conditions and proposed sensing
parameters,” “selection of optimal time for sensing proce-
dure,” “selection of optimal temperature for sensing proce-
dure,” “selection of optimal interaction time for MNPs with
TMB,” “selection of optimal interaction time for TNT and
tetryl with MNPs–TMB,” “Investigation of the sensor activity

Fig. 1 a Infrared (using KBr
powder) spectra of EDA–
modified MNPs. b SEM images
at 1 μm (A, 100000×), represen-
tation of nanoscale at 100 nm (B,
800000×)
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depending on the pH change in the application of method–2,”
and “Calibration plots obtained for TNT and tetryl samples by
application of method–1 and method–2” parts are presented in
“Electronic Supplementary Material.” The figures for the rel-
evant sections are presented as Figs. S1, S2, S3, S4, S5, S6,
S7, and S8.

The developed sensing (methods–1 and 2) procedures were
applied to different concentrations of TNT/tetryl solutions. In

method–1, as the concentration of TNT/tetryl solutions in-
creased, the color of TNT solutions changed from pink to
purple, and the color of tetryl solutions changed from light
pink to dark pink. All absorbance measurements were made
against a blank solution at 512 nm wavelength. The blank
solution was prepared as described in the sensing method–1,
where dispersed solution of EDA–modified MNPs in DMSO
was mixed with pure acetone. In method–2, increasing

Scheme 2 a Method–1 and b method–2 interaction scheme of EDA–modified MNPs for TNT and tetryl determination
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concentrations of TNT/tetryl solutions were added to the pre-
viously prepared MNPs–TMB solution to monitor the color
changes. It was observed that the blue color of the MNPs–
TMB solution with increasing TNT/tetryl concentration be-
came light blue by bleaching.

The absorbance changes of all prepared solutions were ex-
amined at 650 nm wavelength. All measurements were made
against water. The calibration equations for determining TNT
(Eqs. 1a and 1b) and tetryl (Eqs. 2a and 2b) were generated
from the absorbance values at 512 nm for method–1 and at
650 nm for method–2.

Linear calibration equations for TNT:

A512 ¼ 7:17� 0:10ð Þ � 103 CTNT þ 4:47� 0:63ð Þ
� 10−2 N ¼ 7; r ¼ 0:9995ð Þ

ð1aÞ

ΔA650 ¼ 1:70� 0:0088ð Þ � 103 CTNT− 1:20� 0:0042ð Þ
� 10−3 N ¼ 9; r ¼ 0:9980ð Þ

ð1bÞ

where CTNT is the TNT concentration (in mol L−1) in final
solution.

Linear calibration equations for tetryl:

A512 ¼ 2:06� 0:04ð Þ � 104 Ctetryl þ 2:84� 0:80ð Þ
� 10−2 N ¼ 5; r ¼ 0:9995ð Þ

ð2aÞ

ΔA650 ¼ 8:90� 0:0026ð Þ � 103 Ctetryl þ 9:00� 0:0016ð Þ
� 10−4 N ¼ 10; r ¼ 0:9978ð Þ

ð2bÞ

where Ctetryl is the tetryl concentration (in mol L-1) in final
solution.

Visible spectra of EDA–modified MNPs for different con-
centrations of TNT with the color changing from pink to pur-
ple (method–1), from blue to light blue (method–2) and for
different concentrations of tetryl, color changing from light

pink to dark pink (method–1), from blue to light blue (meth-
od–2) are shown in Fig. 2 and Fig. 3, respectively.

The validation parameters for the analytical performance of
the developed sensor for TNT and tetryl determination are
summarized in Table 1. The limit of quantification (LOQ)
was well below the EPA recommended TNT residential
screening level in soil (21 mg kg−1 or 21 ppm) [36].

In addition, a comparison between these methods and other
methods published in the literature for TNT and tetryl deter-
mination with respect to the linear ranges and detection limits
was given in Table S3, together with a relevant comment for
table data in the Supplementary Material.

Investigation of selectivity of the sensor

The sensor developed in bothmethods responded to both TNT
and tetryl. To observe the responses of other nitro explosives
to the sensor for selectivity testing, explosives (DNT, PA,
HMX, RDX, PETN, AN, TATB) at a final concentration of
500.0 mg L−1 were interacted with EDA–MNPs in solution.
The reason for choosing these compounds was their possibil-
ity of formation of CT–complexes with the derivatizedMNPs.

Either color formation (method−1) or color bleaching
(method−2) was not observed at high concentrations when
the developed sensing procedure was applied to DNT, PA,
HMX, RDX, PETN, AN, and TATB (Fig. 4). Picric acid did
not interact with the –NH2 group of EDA–modified MNPs
due to its intrinsic intramolecular CT.

In addition, it was investigated whether DMSO (i.e., a
Lewis basic solvent) alone can give a CT–complex with
500.0 mg L−1 (final conc.) TNT or tetryl when the developed
sensor method–1 procedure was applied without using EDA–

Fig. 2 Visible spectra of a the supernatants of EDA–modified MNPs
mixed with different concentrations of TNT in pure acetone (method–1)
(inset: photograph of the supernatants of EDA–modified MNPs mixed
with different concentrations of TNT in pure acetone), b the EDA–

modified MNPs–TMB solutions containing different concentrations of
TNT in aqueous medium (method–2) (inset: photograph of the EDA–
modified MNPs mixed with different concentrations of TNT in pure
acetone)
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MNPs. No color formation was observed in DMSO mixture
solutions with TNT or tetryl.

Evaluation of reusability of the developed sensor for
TNT/tetryl determination

Solutions of TNT at an init ial concentrat ion of
20.0 mg L−1 and tetryl at 8.0 mg L−1 in acetone were
prepared for testing the reusability of the proposed sensor
in method–1. Firstly, the recommended procedure was
applied to the determination of TNT at 20.0 mg L−1.
The EDA-modified MNPs were precipitated with a mag-
net and the absorbance of the supernatants was measured
against that of the blank solution at 512 nm wavelength.
Secondly, after removal of the supernatant of precipitated
EDA–MNPs in Eppendorf tubes, 0.5 mL DMSO and
0.5 mL of 20.0 mg L−1 TNT were added and vortexed.
The sensing (applied to TNT and tetryl solutions), mag-
netic precipitation, and A512 nm measurement procedures

were repeated over and over for EDA–MNPs until a min-
imal absorbance value of 0.1 was reached. As Zhu et al.
pointed out, magnetic separation significantly reduced
scattering noise and background signal, and was useful
for improving sensitivity [40]. It was concluded that the
EDA–modified MNPs can be used successively six times
to detect TNT (Fig. S9) and eight times to detect tetryl
(Fig. S10) without loss of accuracy in determination. It
should further be noted that the sensing nanoparticles
can be equally effective even when the adsorbed trace
TNT (in the form of surface CT–complex) was not
washed with acetone each time before reuse of EDA–
MNPs. Three replicates were studied for three separate
samples during each day to generate relevant graphs.

Evaluation of TNT recovery in complex matrices

In both methods using the developed sensor, TNT and tetryl
were determined at the same wavelength of the adopted

Fig. 3 Visible spectra of a the supernatants of EDA–modified MNPs
mixed with different concentrations of tetryl in pure acetone (method–
1) (inset: photograph of the supernatants of EDA–modified MNPs mixed
with different concentrations of tetryl in pure acetone), b the EDA–

modified MNPs–TMB solutions containing different concentrations of
tetryl in aqueous medium (method–2) (inset: photograph of the EDA–
modified MNPs mixed with different concentrations of tetryl in pure
acetone)

Table 1 Analytical performance
parameters of the developed
sensor for TNT and tetryl

Analyte Method Linear rangea LODb CVc (%)

Intra-
assay

Inter-
assay

TNT 1

2

4.40×10−6 – 1.10×10−4

2.20×10−5 – 3.52×10−4
0.25

0.95

0.43

0.54

0.78

0.68

Tetryl 1

2

3.48×10−6 – 3.48×10−5

4.40×10−6 – 1.10×10−4
0.10

1.75

0.64

0.71

0.69

0.61

a In molar units at final concentration
bLimit of detection, in milligrams per liter units (LOD= 3 σbl/m, σbl denoting the standard deviation of a blank
and m showing the slope of the calibration line)
cCoefficients of variation, as percentage (N = 5)
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method (512 nm for method–1 and 650 nm for method–2). It
was necessary to see the additivity of absorbances (or absor-
bance differences) of these two nitro explosives when they
were together. In order to investigate this situation, mixtures

of 1:1 to 10:1 (w/w) TNT and tetryl were assayed using the
proposed sensor. The A512 (method–1) and A650 (method–2)
values of the resulting solutions were collected in Table 2,
with mention of expected contribution from each component.
The results in Table 2 show that precision in the analysis of
binary (tetryl+TNT) mixtures increased as the ratio of TNT to
tetryl was raised.

The results in Table 2 showed that precision in the analysis
of binary (tetryl+TNT) mixtures increased as the ratio of
TNT–to–tetryl was raised. The absorbance measurements
for both TNT and tetryl (with respect to method–1) were
made against a blank solution at 512 nm wavelength, with
molar absorptivities of 7.17 × 103 for TNT and 2.06 × 104

for tetryl. This means that in binary (tetryl+TNT) mixtures,
the tetryl constituent will initially produce a higher absor-
bance signal compared to that of TNT at the same level,
and thus the precision for TNT will not be maximal at the
start. However, as the ratio of TNT–to–tetryl in synthetic
mixtures increases, TNT will constitute the increasingly
greater percentage of the observed (overall) absorbance
and the (constant) share contributed by tetryl will remain
at a minor level. It is known that relative standard deviation
gets lower as analyte concentration gets higher. It was re-
ported that coefficient of variation or relative standard de-
viation, RSD, among inter-laboratory measurements

Fig. 4 Color formation with the proposed sensor in the presence of
different explosives a for method–1 (1: TNT, 2: tetryl, 3: PA, 4: DNT,
5: HMX, 6: RDX, 7: PETN, 8: AN, 9: TATB at 500.0 mg L−1–final
conc.) and mixture solutions without using EDA–modified MNPs (10:
DMSO+TNT, 11: DMSO+tetryl at 500.0 mg L−1–in final conc.). bColor
bleaching for method–2 (B: blank, 1: TNT, 2: tetryl, 3: PA, 4: DNT, 5:
HMX, 6: RDX, 7: PETN, 8: AN, 9: TATB at 500.0 mg L−1–final conc.)

Table 2 Additivity of
absorbances (or absorbance
differences) of TNT and tetryl
with respect to the proposed
sensor in synthetic mixture
solutions

Initial concentration of mixture solution Mixing ratio (w/w) Absorbance (% of excepted value)

Method–1 Method–2

4.0 mg L−1 Tetryl + 4.0 mg L−1 TNT

4.0 mg L−1 Tetryl

4.0 mg L−1 TNT

1:1

-

-

0.193 (86.16%)

0.152

0.072

1.051 (82.50%)

1.074

1.054

4.0 mg L−1 Tetryl + 8.0 mg L−1 TNT

4.0 mg L−1 Tetryl

8.0 mg L−1 TNT

1:2

-

-

0.281 (92.43%)

0.152

0.152

0.983 (90.17%)

1.074

0.982

4.0 mg L−1 Tetryl + 12.0 mg L−1 TNT

4.0 mg L−1 Tetryl

12.0 mg L−1 TNT

1:3

-

-

0.356 (86.20%)

0.152

0.261

0.942 (102.15%)

1.074

0.955

4.0 mg L−1 Tetryl + 16.0 mg L−1 TNT

4.0 mg L−1 Tetryl

16.0 mg L−1 TNT

1:4

-

-

0.438 (92.41%)

0.152

0.322

0.932 (92.12%)

1.074

0.929

4.0 mg L−1 Tetryl + 20.0 mg L−1 TNT

4.0 mg L−1 Tetryl

20.0 mg L−1 TNT

1:5

-

-

0.527 (100.96%)

0.152

0.370

0.889 (101.03%)

1.074

0.901

4.0 mg L−1 Tetryl + 40.0 mg L−1 TNT

4.0 mg L−1 Tetryl

40.0 mg L−1 TNT

1:10

-

-

0.843 (100.24%)

0.152

0.689

0.838 (97.23%)

1.074

0.841

For a given mixture, the absorbance decrements of individual explosive solutions with respect to a blank having
abs. = 1.084 were added to obtain the total expected abs. decrement. The experimental abs. decrement of the
binary explosive mixture solution was divided by this expected value to obtain the percentage abs. difference
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increases for lower values of concentration in an exponen-
tial manner [41]. This is why precision for TNT increased
with increasing ratios of TNT–to–tetryl in mixtures.
For both methods, the possible interferences of the explo-

sives such as HMX, RDX, composite B, synthetic composite
B, and composite C–4 to the detection of TNT were investi-
gated. The TNT recovery (%) values in the presence of explo-
sive substances (RDX, HMX, composite B, synthetic com-
posite B, and composite C–4) are summarized in Table S1
to yield recoveries ranging between 91 and 107% (mostly
close to 100%). The interference effect of 100–fold of con-
centration of humic acid was investigated in the presence of
20.0 mg L−1 initial concentration of TNT, and recovery of
TNT was 99.00%.

The interfering effects of 100–fold concentration of com-
mon soil ions (Cl−, NO3

−, SO4
2−, K+, Mg2+, Ca2+, Cu2+, Al3+)

and of camouflage materials (sugar, sweetener, acetylsalicylic
acid, paracetamol–caffeine–based painkiller, and detergent)
were investigated in the determination of TNT, and the ob-
tained results are shown in Fig. 5 to yield near–quantitative
recoveries.

Recovery of TNT and/or tetryl from real soil samples

Each sandy soil sample was polluted with TNT, tetryl, and
tetrytol, separately. The polluted soil samples were extracted
with acetone to transfer TNT, tetryl, and tetrytol from the soil
to the extract phase. When the developed sensing methods–1
and 2 were applied to the extracts, TNT, tetryl, and tetrytol
recoveries from sandy soil were 100.30, 97.20, and 97.00%
for method–1, and 103.00, 94.30, and 98.60% for method–2,
respectively.

Validation of the proposed method against GC–MS
and LC–MS/MS

The solutions of 3.0–11.0 mg L−1 TNT and 1.0–15.0 mg L−1

tetryl in acetonitrile were analyzed with the GC–MS literature
method [41] to generate the calibration equations, where the
mean value of three consecutive repetitive injections was used
for each calculation. The calibration equations between peak
area and concentration were:

Peak Area ¼ 3:64� 105 CTNT−6:19� 105 r ¼ 0:9996ð Þ for TNT
CTNT : f inal concentration of TNT in mg L−1� �

Peak Area ¼ 2:50� 104 CTetryl−1:9� 104 r ¼ 0:9993ð Þ for tetryl

CTetryl : f inal concentration of tetryl in mg L−1� �

The solutions of 50.0–400.0 μg L−1 TNT and 50.0–
400.0 μg L−1 tetryl in acetonitrile were analyzed with the
LC–MS/MS literature method [38] to generate the calibration
equations, where the mean value of three consecutive repeti-
tive injections was used for each calculation. The calibration
equations between peak area and concentration were:

Peak Area ¼ 2:75 CTNT þ 204:26 r ¼ 0:9979ð Þ for TNT
CTNT : f inal concentration of TNT in μg L−1� �

Statistical comparison between the results of the proposed
methods–1 and 2 and reference GC–MS and LC–MS/MS
procedures applied to 5.0 mg L−1 TNT and 4.0 mg L−1 tetryl
in acetonitrile was made on N = 5 repetitive analyses, essen-
tially showing no significant difference in precision and accu-
racy between the results. The contaminated clay soil samples

Fig. 5 Recovery of TNT at the
initial concentration of
20.0 mg L−1 in the presence of
common soil ions (Cl−, NO3

−,
SO4

2−, K+, Mg2+, Ca2+, Cu2+, and
Al3+) and camouflage materials
(sugar, sweetener, acetylsalicylic,
paracetamol–caffeine–based
painkiller, and detergent) (orange
bar; method–1, green bar;
method–2)
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were analyzed by LC–MS/MS in 1:100 (v/v) AcCN-diluted
solution. Thus, the proposedmethod–1 and 2 procedures were
validated against the GC–MS and LC–MS/MS method; the t-
and F- tests were used for comparing the population means
and variances, respectively. The confidence levels used in
validation of findings were 95% (nominal 0.05 significance
level) for both of t- and F- tests. Statistical parameters of the
developed method and the reference GC–MS method were
summarized in Table S2.

Conclusions

In this study, EDA–modifiedMNPs were synthesized with the
polyol technique in one pot reaction. This is the first study
involving the design of a unique reusable, selective, low–
cost diamine–modified MNPs–based colorimetric sensor
using the principle of charge–transfer complex formation for
colorimetric detection of TNT/tetryl via two different methods
combined in the same sensor. While the first of these methods
is based on the direct (donor–acceptor) interaction of TNT and
tetryl with EDA–modified MNPs, the other method is based
on the nanozyme ability of EDA–modified MNPs to catalyze
H2O2 oxidation to produce a blue–colored CT–complex from
oxidized TMB, where TNT and tetryl in the medium caused
bleaching of this color by inhibiting the catalytic ability of
nanoparticles through a charge–transfer interaction. Our com-
bination of charge−transfer and the nanozyme ability of
EDA–functionalized Fe3O4 nanoparticles is expected to bring
a new approach to dual function colorimetric sensor design for
the sensitive determination of electron–withdrawing nitro ex-
plosive compounds. The sensitivities of the methods were
sufficient to analyze soil samples in nitro explosive remedia-
tion sites with respect to the US EPA decontamination limits.
When TNT and tetryl were together, they gave additive ab-
sorbances (or absorbance differences) using the two methods.
Highly sensitive nanosensors can only be based on
aggregation/disaggregation of nanoparticles whichmay be ad-
versely affected by various physicochemical processes.
However, a gain in sensitivity with aggregation/
disaggregation is often accompanied by a loss in selectivity,
as aggregation of nanoparticles may be often induced by var-
ious (mostly uncontrollable) physicochemical interactions in-
cluding solvent and salt effects. In this work, the designed
sensor is very stable, selective, and reusable along with its
reasonable sensitivity. It is novel based on its contribution of
unifying a double function in one single nanosensor. This is
the first dual–function colorimetric sensor for TNT and tetryl
using the same nanoparticles as sensing elements in two dif-
ferent detection systems involving either formation or
bleaching of colored species.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04877-z.
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