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a b s t r a c t

A study of the electrochemical behavior and determination of RDX, a high explosive, is described on
a multi-walled carbon nanotubes (MWCNTs) modified glassy carbon electrode (GCE) using adsorptive
stripping voltammetry and electrochemical impedance spectroscopy (EIS) techniques. The results indi-
cated that MWCNTs electrode remarkably enhances the sensitivity of the voltammetric method and
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provides measurements of this explosive down to the sub-mg/l level in a wide pH range. The operational
parameters were optimized and a sensitive, simple and time-saving cyclic voltammetric procedure was
developed for the analysis of RDX in ground and tap water samples. Under optimized conditions, the
reduction peak have two linear dynamic ranges of 0.6–20.0 and 8.0–200.0 mM with a detection limit of
25.0 nM and a precision of <4% (RSD for 8 analysis).

© 2010 Elsevier B.V. All rights reserved.

lectrochemical impedance spectroscopy

. Introduction

The explosives and related compounds detection have been
ore considering for national security and environmental appli-

ations [1,2]. Pollution of both soils and ground waters by Research
epartment explosive (RDX), high melting point explosive (HMX)
nd other nitroaromatic and nitramine explosive compounds is a
ignificant worldwide problem [3–6]. The main sources of these
oxic explosive contaminants are manufacturing, testing and dis-
osal of explosives by defense establishments. These compounds
re mutagenic, toxic and have the tendency to persist in the envi-
onment [7–9]. RDX and HMX are major ingredients in nearly
very ammunition formulation and are the secondary explosives
sed in the greatest quantities. RDX is toxic to a wide range of
rganisms including terrestrial, soil dwelling and aquatic organ-
sms due to its cytotoxicity, genotoxicity, neurotoxicity or possible
arcinogenicity. Practically, explosive contaminants in soil may
ndergo metabolic transformation, photo catalytic degradation and
iodegradation by various processes such as, oxidation, dehydro-

enation, reduction, hydrolysis and exchange reactions [10–12].

Up to now, various analytical methods have been reported for
he determination of RDX based on the spectroscopy [13,14], cap-
llary electrophoresis [15,16], gas chromatography [17–20], high

∗ Corresponding author. Tel.: +98 311 3912351; fax: +98 311 3912350.
E-mail address: rezaei@cc.iut.ac.ir (B. Rezaei).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.127
performance liquid chromatography (HPLC) [21–24], ion mobility
spectrometry [25] and voltammetry [26,27] techniques. Electro-
chemical sensors offer great prospects for addressing the growing
needs for field detection of various explosives. The advantages of
electrochemical techniques for on-site measurements of explo-
sives are included, high sensitivity and selectivity, a wide linear
range, minimal space and power requirements, and low cost instru-
mentation. Most of reports, on the electroanalytical determination
of the energetic materials, have been focused on the determina-
tion of trinitrotoluene (TNT) as a common explosive material. The
performance of voltammetric procedures is strongly influenced
by the working electrode materials and constructions. A range of
techniques have found application for reductive (cathodic) mea-
surements of nitroaromatic and nitramine explosive compounds,
including mesoporous SiO2-modified electrode [28], voltamme-
try on microfluidic chip platforms [29], gold electrode modified
with self-assembled monolayer [30], electrochemical immunoas-
say based on functionalized silica nanoparticle labels [31], hanging
drop mercury electrode [32], carbon-fiber electrode [33], screen
printed electrode [34], carbon nanotubes [35,36] and various forms
of carbon (fiber, diamond, glassy carbon), or gold/amalgam elec-
trodes [37,38].
Carbon nanotubes (CNTs) continue to receive remarkable atten-
tion in electrochemistry. The modification of electrode substrates
with multi-walled carbon nanotubes (MWCNTs) using in analyti-
cal sensing have been developed to achieved, low detection limits,
high sensitivities, reduction of over-potentials and resistance to

dx.doi.org/10.1016/j.jhazmat.2010.06.127
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rezaei@cc.iut.ac.ir
dx.doi.org/10.1016/j.jhazmat.2010.06.127
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urface fouling [39,40]. CNTs have been introduced as electrocata-
ysts and their modified electrodes have been reported to give super
erformance in the studies of some biological and pharmaceuti-
al species [41–43]. Compton and Banks’ group has demonstrated
or most electroactive species, via the comparison of MWCNT-

odified electrodes with edge plane pyrolytic graphite electrodes,
hat usually the electroactive sites of the MWCNTs are edge plane-
ike sites/defects which can occur at the ends of the nanotubes or
long the nanotube where tube compartments terminate [44–46].

The objective of the current work is to develop a suitable
nd sensitive method for the determination of RDX, based on
he unusual properties of CNTs such as strong adsorptive ability,
uge specific area, subtle electronic properties as well as excel-

ent electrocatalytic activity. Thus, the electrochemical behavior
f RDX on the multi-wall carbon nanotube-coated glassy carbon
lectrode (GCE) was investigated by voltammetry and electro-
hemical impedance spectroscopy techniques to better estimation
f interaction between RDX and nanotubes. The results showed
hat MWCNTs strongly enhanced the electron transfer rate of
DX reduction and its determination sensitivity was significantly

mproved. At the MWCNTs coated GCE, the remarkable peak cur-
ent enhancement and shift of peak potential occurred for RDX
eduction in compare of bare GCE. Consequently, an ultrasensi-
ive adsorptive stripping voltammetric method based on the carbon
anotube-modified electrode was developed for the determination
f ultratrace levels of RDX in the environmental samples. This pro-
osed method provides some advantages such as high sensitivity,
apid response, low cost and simplicity.

. Experimental

.1. Apparatus and reagent

Electrochemical measurements were carried out in a conven-
ional three-electrode cell, powered by an electrochemical system
omprising the Autolab system with PGSTAT 12 and FRA2 boards
Eco Chemie B. V., Utrecht, Netherlands). The system was run on a
C using GPES and FRA 4.9 software. For impedance measurements,
frequency range of 100 kHz to 10 MHz was employed. Applied

mplitude of AC voltage and equilibrium time was 5 mV and 20 min,
espectively. The MWCNTs modified GCE, a graphite electrode and a
aturated Ag/AgCl reference electrode was employed as a working,
uxiliary and reference electrode, respectively.

The MWCNTs were bought from Iran’s Research Institute of
etroleum Industry and synthesized by chemical vapor deposition
CVD) with a diameter of 8–15 nm, a length 50 �M and the purity
f 95%. The modified electrodes with carbon nanotube layers were
haracterized by scanning electron microscopy (SEM). RDX and
ther explosive materials with the purity of >99.0% were purchased
rom Iranian defense industries. The RDX stock solution, 0.002 M
as freshly prepared in methanol–water solution (1:1, v:v).

Universal buffer (boric acid, phosphoric acid, acetic acid and
odium hydroxide, 0.10 M) solutions with different pH values were
sed for the study of influence of the electrolyte pH on the signals.
ll aqueous solutions were prepared and diluted with deionized
ater (resistivity not less than 18.0 M� at 25 ◦C).

.2. Preparation of MWCNT suspension and modified GCE

To eliminate metal oxide impurities within the nanotubes,

ulti-walled carbon nanotubes were refluxed in the presence of

.0 M HNO3 for 15 h, then washed with twice-distilled water and
ried at room temperature. 0.010 g of purified MWCNTs was dis-
ersed in 10.0 ml dimethylformamide (DMF) by using ultrasonic
gitation to obtain a relative stable suspension. The GCE was care-
us Materials 183 (2010) 138–144 139

fully polished using 0.05 �m alumina slurry on a polishing cloth,
and then washed ultrasonically in methanol and water, respec-
tively. The cleaned GCE was coated by casting 300.0 �l of the
black suspension of MWCNTs and dried in an oven at 60 ◦C. The
microscopic areas of the MWCNT-modified GCE and the bare GCE
were obtained by cyclic voltammetry (CV) using 1.0 mM K3Fe(CN)6
as a probe at different scan rates. For a reversible process, the
Randles–Sevcik formula has been used:

Ipa = 2.69 × 105(A s mol−1V−1/2)n3/2ACOD1/2
R �1/2 (1)

where Ipa refers to the anodic peak current (A), n is the electron
transfer number, A is the surface area of the electrode (cm2), DR is
diffusion coefficient (cm2 s−1), CO is the concentration (mol cm−3)
of K3Fe(CN)6, and � is the scan rate (V s−1). For 1.0 mM K3Fe(CN)6
in the 0.10 M KCl electrolyte: n = 1 and DR = 7.6 × 10−6 cm2 s−1, then
from the slope of the Ipa–�1/2 relation, the microscopic areas can
be calculated. On the bare GCE, the electrode surface area was
0.0314 cm2 and for MWCNT-modified GCE the microscopic area
was found 2.9–3.0 times greater.

2.3. Analytical procedure

4.0 ml of ground water or tap water samples were spiked with
RDX solution and were diluted to 10.0 ml with 0.10 M buffer solu-
tion with pH 7.0. Then, these solutions were transferred to the
electrochemical cell and the determination of RDX was carried out
by CV method. In these studies, above solutions, in the electro-
chemical cell, were de-oxygenated and stirred with nitrogen gas
at the desired accumulation potential for a given period of time.
Then, the solution was allowed to rest for 15 s, and the electrode
potential was scanned between −0.30 and −1.00 V. After each elec-
trochemical measurement, the electrode was slightly rinsed with
methanol and water to renew its surface. In all cases, the standard
addition method was used for the determination of analyte in the
real samples.

3. Results and discussion

3.1. Characterization of MWCNT-modified electrode

The dispersing state of the MWCNTs was examined by scanning
electron microscopy. SEM micrographs showed that most of MWC-
NTs were well dispersed in DMF and no longer entwined together.

Electrochemical impedance spectroscopy (EIS) can also pro-
vide some information about impedance changes of the electrode
surface or its electron transfer ability during the modification pro-
cess. The experiments were performed for 1.0 mM K3Fe(CN)6 in
10.0 mM KCl electrolyte, and EIS data were recorded at the dc-
offset potential +0.30 V and frequency range of 100 kHz to 10 MHz.
A typical Nyquist plot for this system consists of a semicircle
portion observed at higher frequency range corresponding to the
electron transfer-limited process and a linear part at lower frequen-
cies representing the diffusion limited process. The EIS data were
approximated using FRA 4.9 software and complex nonlinear least
square (CNLS) approximation method, from which electron trans-
fer kinetics as charge transfer resistance (Rct), solution resistance
(Rs), double-layer capacitance (Cdl) or constant phase element
(CPE) and mass transfer element W (Warburg impedance) were
extracted. The EIS data obtained at the GCE was fitted to the Ran-
dles circuit: Rs(C[RctW]), but for MWCNTs electrode the modified
Randles’ model in which Cdl was replaced by frequency-dependent

constant phase element was used to explain experimental data.
By using this method, the electron transfer resistance Rct, on the
bare GC and MWCNTs electrodes obtained 46.0 and 12.6 � cm2,
respectively. Thus, the charge transfer resistance at the nanotube-
modified electrode is significantly lower than of its resistance at the
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Fig. 1. Cyclic voltammograms of RDX at the GC electrode; (A) background, (B) at
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he presence of 60 �M RDX and background subtracted voltammograms for 60 �M
DX on the MWCNTs electrode in the pH 7.0 (C) and pH 2.0 (D). Other conditions;
can rate of 50 mV s−1, accumulation potential of −0.1 V and accumulation time of
.0 min.

CE, which means it has stronger hindrance to the electron transfer
f hexacyanoferrate.

.2. Electrochemical behavior of RDX on GCE and
WCNT-modified electrode

The voltammetric responses of 60 �M RDX on the bare and
WCNTs modified electrode was studied over the pH interval 2.0 to

1.0 by using CV. According to Fig. 1, it is observed that the cathodic
eduction of RDX on the bare glassy carbon electrode shows an nil
efined peak attributed to the reduction of nitro group. But under
he similar conditions, RDX yields two well-defined and pH depen-
ent reduction peaks on the MWCNTs modified electrode, and the
eduction peak current significantly increases in compare of bare
CE. This increasing in the peak current and declining of reduction
otential are clear evidences of the catalytic effects of the MWC-
Ts toward the reduction of RDX. In the acidic solutions (pH < 5),

he reduction reactions occur rapidly and the mentioned peaks mix
ogether.

.3. Effect of solution pH on the peak potentials and peak currents

The reduction behavior of RDX closely depends on the pH of
olution. This explosive can be hydrolyzed in the basic solution and
roduce some ions such as NO2

− (nitrite), HCOO− (formate) and
ther related cyclic nitramines [47,48]. Experimental results for
0 �M RDX in 0.10 M buffer solution in the different pHs from 2.0 to

1.0 have been shown in Fig. 2. It can be seen that the direct reduc-

E(V) = E′
O(V) − RT

˛nF
(V)

[
0.
ion of RDX presents the higher voltammetric signal in the lower
Hs. Obviously investigated that the nitro group reduction of this
ompounds occurs in the acidic and neutral solutions, whereas the
ecomposition of RDX to some anions in higher pH values prevents
o its suitable interaction with working electrode, thus in these
Fig. 2. Effect of pH on the peak current and potential at the modified electrode
of first reduction reaction. Other conditions, scan rate of 50 mV s−1, 60 �M RDX,
accumulation potential of −0.1 V and accumulation time of 7.0 min. Inset shows the
related data for the second peak.

mediums, decrease the reduction currents and difference poten-
tials between two reduction peaks (Fig. 2). Potential of the first
peak (peak “a”), which is appeared in pH range of 5.0 to 11.0, has
not significant changes. It’s indicating that hydrogen ions did not
participate in this reduction reaction. Also, shifting of the second
peak potential (peak “b”) towards the negative direction at higher
pHs implies that the reduction process takes up with hydrogen ions.
Sketch of peak potentials verses pH value for the second peak was
found to be linear over the pH range 2.0–8.0, which is similar to
other reports [26], with a slope of −35.8 ± 1.3 mV pH−1. Resulted
slope, in this reduction reaction, suggests that the contribution of
the electrons is nearly two times higher than H+ protons.

In this study, we used the first reduction step (peak “a”) on a
MWCNTs modified electrode as an analytical signal for the determi-
nation of RDX in the ground and tap water samples and optimized
the various parameters that can affect on the sensitivity of method.
These experiments were employed at pH 7.0.

3.4. Effect of scan rate on the peak currents and peak potentials

The effects of scan rate over the range of 10.0–120.0 mV s−1 on
the first peak current and potential were investigated at the MWC-
NTs modified electrode by CV for 60 �M RDX at the pH 7.0 (0.10 M
universal buffer). The cathodic peak current linearly increased with
the square root of scan rate, and the following equation obtained:
I(�A) = 626.34 (±13.61) × �1/2 (V s−1) − 60.77 (±6.73), R2 = 0.9934.
It’s indicating a diffusion controlled reduction process occurring
at the modified electrode. Therefore scan rate of 100 mV s−1 was
selected as the optimum for determination of RDX. The linear rela-
tionship between the peak potential (E) and logarithmic scan rate
(�) of an irreversible process obeys the following equation [49]:

ln

[(
D1/2

O
k0

)
/(s1/2)

]
+ ln

[(
˛nF�

RT

)1/2
/(s−1/2)

]]
(2)

where E′
O is the formal potential, ˛ represents transfer coefficient,

n is number of electrons involved in an electrode reaction, F indi-

cates Faraday constant, DO represents diffusion coefficient, k0 is
standard heterogeneous rate constant, R is gas constant and T is
absolute temperature (300 K). The relationship between the peak
potential and the scan rate (between 40 and 140 mV s−1) demon-
strated by the equation: E(V) = −0.13 (±0.031) × ln [�(V s−1)] − 1.13
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Fig. 4. The Nyquist plots of the impedance (imaginary impedance (Z′′) vs. the real
impedance (Z′)) acquired for 60 �M RDX in pH 7.0 on the GC electrode (A) and MWC-
ig. 3. Effects of accumulation potential on the reduction peak current of 60 �M
DX at the scan rate of 100 mV s−1 and pH 7.0. Inset shows effect of accumulation
ime on the signal.

±0.051), R2 = 0.9936, RT/2n˛F = 0.13 V and the n˛ value was calcu-
ated to be 0.098 (for peak “a”). Also, the slopes of tafel plots (E vs.
og (Ip)) in the low scan rates (5–20 mV s−1) confirm this value of
˛. From the mentioned results, the two-step reduction reactions
an be attributed to the formation of nitroso or hydroxyl amine
roups. In the first step, each nitro group can take one electron
without contribution of protons), and subsequently is converted
o hydroxyl amine and amine groups at more negative potentials.

.5. Effects of accumulation potential and time

The reduction peak currents of 60 �M RDX were measured by
V method at different potential from −0.4 to +0.4 V in pH 7.0 and
ccumulation time 7.0 min. According to Fig. 3, it is observed that
he adsorptive stripping response of RDX increases rapidly upon
ecreasing the accumulation potential, then it rapidly diminishes at
he points which are near to the formal reduction potential of RDX.
onsequently, the accumulation potential of −0.1 V was selected as
n optimum condition for further studies.

Inset Fig. 3 shows the influences of accumulation time on the
eduction peak current of 60 �M RDX. The reduction peak cur-
ent firstly greatly increased with increasing accumulation time,
hen, after 7.0 min due to adsorption saturation, reaches to steady
mount.

.6. Electrochemical impedance spectroscopy studies

Electrochemical impedance spectroscopy was also employed to
nvestigation of the RDX reduction on the bare GCE and MWCNTs

odified electrode. Similar to adsorptive stripping voltammetric
xperiments, RDX was accumulated at the optimum conditions,
H 7.0, accumulation potential and time −0.1 V and 7.0 min. Fig. 4
hows the bode plots and the Nyquist plots of the impedance
� cm2) and admittance (S cm2), on the GC (A) and MWCNTs (B)
lectrodes which were recorded at the dc-offset potential of −0.6 V,
0 �M RDX and pH 7.0. Here, the charge-transfer resistance of the
lectrode reaction is the only circuit element that has a simple
hysical meaning describing rate facility of charge transfer dur-
ng electro-reduction of RDX in the various potentials or analyte
oncentrations.

The Nyquist diagram of MWCNTs electrode and their related
ode and admittance plots on this figure, represent two overlapped,
lightly depressed capacitive semicircles. The small semicircle,
NTs electrode (B). Bias in both diagrams was −0.6 V with 5 mV ac voltage amplitude
and frequency range of 0.01 Hz to 100 kHz. Insets show their related bode plots (a)
and admittance (Y′′ vs. Y′) plots (b). Points show the experimental data and the full
line is calculated from the optimized parameters.

appeared at high-frequencies near the origin, related to the charge-
transfer resistance of the first step of RDX reduction (first peak
in Fig. 1), with combination of double-layer capacitance. The
low-frequencies semicircle can be related to the second step of
reduction process, and it has a relatively large diameter (charge-
transfer resistance) with respect to the high-frequencies semicircle.
This result stems from the fact that the dc-offset potential supplies
low over-potential for the second reduction process. The diffusion
process observed during the reduction process using the MWCNT
electrode most probably appeared at very low-frequencies with a
high time constant; it did not appear in the sweeping frequency
range in the Nyquist plot. Also, according to the simulated circuits,
the GC electrode represents two depressed semicircle with high
time constants, demonstrating that the charge transfer resistance
of electrochemical reduction process on this electrode is very high
[50].

The equivalent circuits compatible with the Nyquist diagrams
recorded at the bare GCE and MWCNTs electrodes are depicted
in Scheme 1A and B, respectively. The equivalent circuits model
consist of solution resistance (Rs), double-layer capacitance (Cdl),
charge-transfer resistance of the first and second reduction pro-

cesses (Rct-1 and Rct-2) and their related constant phase elements
corresponding to the double-layer capacitances (CPE1 and CPE2).
The most widely accepted explanation for the presence of con-
stant phase elements and appearance of depressed semicircles in
the Nyquist plots is the microscopic roughness which is causing an
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cheme 1. The equivalent circuits compatible with the Nyquist diagrams repre-
ented in Fig. 4.

nhomogeneous distribution in the solution resistance as well as in
he double-layer capacitance [51]. Impedance of CPE element can
e expressed as [50,52]:

CPE = Y−1
0 (jω)−n (3)

here Y0 is admittance parameter (S cm−2 s−n) and n represent
imensionless exponent which are independent to frequency;
= (−1)1/2 and ω = angular frequency = 2�f. ZCPE corresponds to the
onstant phase angle element (CPE) impedance. “n” parameter is
elated to ˛ (phase angle) by ˛ = (1 − n) 90◦. So, n = 1 and ˛ = 0 stand
or a perfect capacitor, and lower n values directly reflect the rough-
ess of the electrode surface. When n = 0.5, it is equal to a Warburg

mpedance. When n = 0, CPE is reduced to a resistor.
Table 1 shows the values of the equivalent circuit elements

btained by fitting the experimental results. The goodness of the
tting models can be judged by the estimated relative errors pre-
ented in the parentheses. According to the values of the electrical
quivalent elements reported in this table, upon increasing the con-
entration of RDX on the MWCNTs electrode, the charge transfer
esistances (Rct-1 and Rct-2) decreased due to the facile occurrence of
he faradic process related to the electro-reduction process. More-
ver, the concentration of RDX shows relatively little effect on CPE1
nd CPE2, related to the double-layer capacitances. The electron
ransfer resistance Rct-1, for the bare GC and MWCNTs electrode
nd 60 �M RDX, equals to 361.0 and 9.8 � cm2, respectively, indi-
ating the very faster charge transfer rate for reduction of RDX on
he MWCNTs electrode surface, due to the electrocatalytic effect of
anotubes on the electro-reduction process.

.7. Performance of the system for RDX measurements
The calibration plot of RDX, based on the first reduction peak,
hows two linear curves in the concentration region of 0.6–2.0
nd 8.0–200.0 �M with detection limit of 25 nM (see Fig. 5). Using
dsorptive stripping cyclic voltammetry under the optimum con-
itions were selected as: pH 7.0 (universal buffer) with a scan

able 1
he values of the elements in equivalent circuit and the corresponding relative errors for

Electrode CRDX (�M) CPE1 Rct-1

Y0 × 102 (S cm−2 sn) n

GCE 60.0 1.100 (1.58%) 0.8003 (0.46%) 361
MWCNT 60.0 0.2455 (4.27%) 0.5829 (3.46%) 9.8
MWCNT 100.0 0.2653 (4.12%) 0.5755 (3.45%) 9.33
MWCNT 200.0 0.2736 (2.77%) 0.5697 (3.13%) 9.25
MWCNT 400.0 0.3190 (3.22%) 0.5403 (3.40%) 9.83
MWCNT 600.0 0.3684 (2.30%) 0.5175 (2.51%) 10.2
Fig. 5. Calibration curves for the determination of RDX at the optimum conditions.
Inset shows the lower concentration range.

rate of 100 mV s−1, and the accumulation time of 7.0 min at poten-
tial of −0.1 V, equations of linear least square calibration curves
over these ranges are: I(�A) = 57.13 (±3.68) × CRDX − 16.20 (±0.92)
(R2 = 0.9906) and I(�A) = 2.01 (±0.080) × CRDX + 115.81 (±3.39)
(R2 = 0.9985), respectively. Relative standard deviation (RSD) of <4%
for 60 �M RDX (for 8 analysis) showed excellent reproducibility.
No obvious changes in the cathodic peak current were found for
the same sample concentration when the modified electrode was
kept under ambient conditions for more than 1 month, thus the
MWCNTs electrode is stable.

This method, as compared to other electrochemical methods
[26,27], shows higher sensitivity and lower limit of detection.
Also in comparison with the published chromatographic and elec-
trophoresis methods, which require lengthy and tedious extraction
procedures, does not require to a significant pretreatment process
on the real samples and is rapid, sensitive and simple. Although the
chromatographic procedures have the advantage of simultaneous
quantitation of the explosives and its related compounds when the
chromatographic conditions are properly selected.

3.8. Interference studies

Under optimized experimental conditions described above, the
effects of some foreign species on the determination of RDX at
60 �M level were evaluated in detail. The tolerance limit was
defined as the maximum concentration of the interfering substance

that caused an error less than 3% for determination of RDX. 700-fold
of Na+, K+, Ca2+, Mg2+, NH4

+, Cl−, SO4
2−, CO3

2−, 200-fold of SCN−,
Br− and I−, 10-fold of NO3

− and 2-fold of Fe3+ have almost no influ-
ence on the current response of RDX. All these indicate that the
peak current of RDX is not considerably affected by all conventional

the reduction of RDX on the bare glassy carbon and MWCNTs electrodes.

(� cm2) CPE2 Rct-2 (M� cm2)

Y0 × 102 (S cm−2 sn) n

.0 (3.21%) – – 2.97 (4.23%)
(2.92%) 2.803 (1.58%) 0.9978 (0.82%) 1.23 (3.26%)

(2.95%) 2.884 (1.62%) 0.9953 (0.84%) 1.19 (1.14%)
(2.75%) 2.759 (1.56%) 0.9918 (0.80%) 1.14 (2.87%)
(3.18%) 2.622 (1.93%) 0.9769 (0.98%) 1.29 (2.54%)
6 (2.53%) 2.524 (1.61%) 0.9793 (0.82%) 1.35 (3.12%)
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Table 2
Determination of RDX in ground water and tap water samples in pH 7.0.

No. Sample Added
(�M)

Founda (�M) Recovery
(%)

RSD (%)

Ground water
1 40.00 44.20 ± 4.14 110.5 1.89
2 80.00 73.90 ± 6.33 92.4 2.19

Tap water

c
r

3

e
s
w
a
T
d

4

r
N
w
s
a
u
t
s
A
t
p
o
s
m
b
s

A

(
C

R

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

3 100.00 94.11 ± 9.39 94.1 2.73
4 150.00 136.90 ± 16.87 91.3 3.80

a Average of five replicate measurements.

ations, anions and organic substances, but other electrochemically
educible materials such as iron cations can be interfered.

.9. Application

To evaluate the applicability of the proposed method, the recov-
ry of RDX was determined in the ground water and tap water
amples by adding the standard value of RDX to them. Samples
ere analyzed in accordance with the Section 2.3 and the standard

ddition method was used for the analysis of prepared samples.
he data given in Table 2 show the satisfactory results for analytical
etermination of RDX in these real samples.

. Conclusion

The discussed results demonstrated that a electrochemical
esponse of RDX by adsorption stripping voltammetry on the MWC-
Ts film can remarkably be enhanced in a wide pH range of 2.0–11.0
ith a detection limit near to 25 nM at the pH 7.0. This new sen-

or holds great promise for field-based screening operations, aimed
t assisting security surveillance and environmental missions. Such
se of nanotube electrodes extends the scope of mentioned method
owards widespread important organic compounds that do not
how a suitable electrochemical activity at conventional electrodes.
lso the reported method can be a useful tool for investigating

he interactions of ultratrace level of electroactive organic com-
ounds with MWCNTs. Analysis by this method is comparable to
ther ultrasensitive techniques and the simplicity, selectivity and
hort time of process are the main advantages of this procedure,
aking it useful for routine analysis. This modified electrode can

e properly used for determination of RDX in the environmental
amples with satisfactory results.
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