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Abstract 

Analytical methods to rapidly detect explosive compounds with high 
precision are paramount for applications ranging from national security to 
environmental remediation. This report demonstrates two proof-of-concept 
electroanalytical methods for the quantification of 2,4-dinitroanisol 
(DNAN) and pentaerythritol tetranitrate (PETN). For the first time, DNAN 
reduction was analyzed and compared at a bare graphitic carbon electrode, 
a polyaniline-modified (PANI) electrode, and a molecularly imprinted 
polymer (MIP) electrode utilizing PANI to explore the effect of surface-area 
and preconcentration affinity on the analytical response.  

Since some explosive compounds such as PETN are not appreciably 
soluble in water (<10 μg/L), necessitating a different solvent system to 
permit direct detection via electrochemical reduction. A 1,2-
dichloroethane system was explored as a possibility by generating a liquid-
liquid extraction-based sensor exploiting the immiscibility of 1,2-
dichloroethane and water. The reduction process was explored using a 
scan rate analysis to extract a diffusion coefficient of 6.67 x 10-6 cm/s, in 
agreement with literature values for similarly structured nitrate esters.  

Once further refined, these techniques may be extended to other 
explosives and combined with portable electrochemical hardware to bring 
real-time chemical information to soldiers and citizens alike. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

Reliable methods for the sensitive and specific detection of explosives are 
essential for promoting security and safety for Warfighters and civilians 
alike. The recent deployment of insensitive munitions involved the 
replacement of 2,4,6-trinitrotoluene (TNT) with 2,4-dinitroanisole 
(DNAN) (Stanley et al. 2015). However, its pervasive use introduces the 
potential for DNAN contamination of industrial wastewaters and soil near 
firing ranges. Studies evaluating the environmental fate of DNAN suggest 
resistance to biodegradation and persistence in natural systems (Perreault 
et al. 2012; Hawari et al. 2015; Olivares et al. 2013). Thus, the 
development of strategies for detecting DNAN in-field is essential to 
inform remediation efforts. There is also a need for detection strategies for 
pentaerythritol tetranitrate (PETN), which is sparingly soluble in water, 
but up to five times more toxic than 1,3,5-trinitro-1,3,5-triazine (RDX) for 
aquatic species (Zhuang et al. 2008).  

Analytical methods applied for the detection of nitro-containing explosives 
include mass spectrometry (MS) (Ewing et al. 2013), ion mobility 
spectrometry (IMS) (Tam and Hill 2004), surface enhanced Raman 
spectroscopy (SERS) (Dasary et al. 2009), and colorimetric analysis 
(Forzani et al. 2009). While exhibiting excellent sensitivity and selectivity, 
the need for expert technicians and the relative cost-per-sample of mass 
spectrometry-based methods excludes their point-of-use application. IMS-
based detection is commonly employed for airport security, but generally 
relies on vapor-phase detection and shows poor selectivity (Eiceman et al. 
2004). While exhibiting excellent limits of detection, the reproducibility of 
SERS is highly dependent on the substrate employed (Demeritte et al. 
2012). Colorimetric techniques offer simple visual results, but generally 
require high concentrations of analyte to trigger a response. 

In contrast, electrochemical methods are characterized by low costs 
(Glasscott et al. 2020), high sensitivity (particularly when 
preconcentration methods [Fernando et al. 2021], or surface 
functionalization [Glasscott and Dick 2021; Glasscott et al. 2018; Glasscott 
et al. 2020] is employed), and specificity based on the unique electron 
transfer potentials exhibited by different analytes (Bard and Faulkner 
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2001). Compounds such as DNAN and PETN are excellent candidates for 
electrochemical detection due to the electron-accepting (reduction) 
reactivity of the respective nitro and nitrate ester-groups characteristic to 
each structure. Thus, exploring the fundamental electron transfer 
properties and the effect of electrode surface structure on the analytical 
response is worthy of pursuit towards low cost, deployable sensors. 

1.2 Objectives 

This work seeks to explore fundamental approaches for detecting DNAN 
and PETN using solution-phase electrochemistry. Since nitro and nitrate 
ester groups are subject to reduction, electrochemistry represents a viable 
route for specific and selective detection of both compounds. Due to 
differences in solubility, two separate detection media were explored; an 
aqueous phase reduction for DNAN amenable to environmental systems 
and an organic phase reduction for PETN, which may serve as the basis for 
liquid-liquid extraction techniques in the future. Characterization of the 
electrochemical signal for both compounds with various electrode 
modifications will inform the future development of deployable sensors.  

1.3 Approach 

The reduction of both nitro-moieties on the DNAN structure were 
evaluated by square wave voltammetry (SWV) to probe limits of detection 
with three electrodes: a bare graphitic carbon electrode, a polyaniline 
(PANI)-modified electrode, and a DNAN/PANI molecularly imprinted 
polymer (MIP) electrode. We hypothesize the enhanced surface area 
provided by the conductive polyaniline would enhance the analytical 
response over the bare electrode, with further enhancement when the 
polymer is imprinted with the molecular template. Furthermore, we 
hypothesize that at least one of the four nitrate ester groups on PETN 
would undergo a redox reaction within the solvent window of 1,2-
dichloroethane to facilitate liquid-liquid extraction-type sensing 
experiments.  
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2 Experimental Methods 

2.1 Materials 

The reagents 2,4-dinitroanisole (DNAN), pentaerythritol tetranitrate 
(PETN), and 2,4,6-trinitrotoluene (TNT) were obtained as 1,000 ppm 
standards in MeOH from AccuStandard (New Haven, CT). Ferrocene 
methanol (97%), tetrabutylammonium hexafluorophosphate (98%), 10x M 
phosphate buffered saline, sodium acetate (99.5%), glacial acetic acid, 
sodium carbonate (98%), sodium bicarbonate (98%), and potassium 
chloride (99.9%) were purchased from MilliporeSigma (St. Louis, MO). 
1,2-dichloroethane (98%) was purchased from Fisher Scientific (Hampton, 
NH) and high-purity water was obtained from a MilliporeSigma Milli-Q 
system with a resistivity ≥ 18.2 MΩ cm−1. 

2.2 Instrumentation 

All electrochemical experiments were carried out using a Pine WaveDriver 
potentiostat (Durham, NC) and aftermath software was used to facilitate 
all experiments. A glassy carbon working electrode (3 mm diameter, CH 
Instruments, Austin, TX), a silver/silver ion reference electrode, and a Pt 
wire counter electrode were used for experiments in 1,2-dichloroethane 
regarding PETN detection. Carbon screen-printed electrodes (2 mm 
working electrode, Ag/AgCl pseudo-reference electrode, and carbon 
counter electrode) were obtained from BASI (West Lafayette, IN). 

Scanning electron microscopy (SEM) imaging was done using a Phenom 
Pharos Desktop SEM from Thermo Fisher Scientific (MA, USA) operating 
in backscatter detection mode at 15 keV. 

2.3 Electrochemical methodology and parameters 

For experiments related to DNAN, the carbon screen-printed electrodes 
(SPE) were rinsed with Milli-Q water prior to use. All experiments used a 5 
mL volume of the indicated solution in a 10 mL beaker so the SPE surface 
could be brought just below the solution level. Characterization 
experiments examined the oxidation response of 1 mM ferrocene methanol 
in 1x PBS from 0 – 400 mV vs Ag/AgCl at 100 mV/s. For polymerization 
experiments, cyclic voltammograms were carried out with 110 mM aniline 
in 0.5 M H2SO4 from -100 to 1000 mV vs Ag/AgCl at 100 mV/s for 10 
cycles. For the formation of a DNAN molecularly imprinted polymer, 0.5 
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mM DNAN was introduced so the solubility limit of DNAN was not 
exceeded, and an equivalent polymerization procedure was conducted. For 
the detection of DNAN, SWV was employed from -0.3 to -1.3 V vs Ag/AgCl 
with the following parameters: equilibrium time: 10 s @ 1300 mV, 
potential increment 3 mV, pulse potential 30 mV, pulse period 50 ms, 
sampling period 1 ms. The solution was static during testing but stirred 
during incubation and extraction periods using a rotating Teflon stir bar 
and stir plate.  

For PETN-related experiments, the glassy carbon electrode was polished 
with 1, 0.3, and 0.05 µm alumina paste and cleaned with distilled water 
prior to use. A solution of 0.1 M tetrabutylammonium hexafluorophosphate 
was introduced as a supporting electrolyte and was purged for 5 min prior 
to experimentation using argon gas. Cyclic voltammograms were used to 
detect PETN from 0 to -1.5 V vs Ag/Ag+ at 0.1 V/s. Scan rate experiments 
employed the following scan rates: 10, 25, 50, 100, 250, and 500 mV/s. 
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3 Results and Discussion 

3.1 Characterization and optimization of screen-printed electrodes 

Although they are relatively expensive, inert surfaces such as 
polycrystalline platinum, gold, and glassy carbon have been used as 
standard electrode materials due to their processability via polishing to 
restore the surface to a pristine condition (Elgrishi et al. 2018). Thus, 
SPEs, which incorporate a thin-film, non-polishable sensing electrode 
surface, are most amenable to deployable sensing due to their low cost. 
Figure 1 shows a close-up image of a generic SPE with relevant electrodes 
labeled. The sensing electrode (working electrode) is generally a disk 
shape to permit mathematical modeling of the diffusion profile about the 
electrode surface (Ngamchuea et al. 2014). The counter electrode 
completes the circuit and has a higher area than the working electrode. 
This is to reduce the compensating voltage necessary to set the potential of 
the working electrode so various reactions may be driven. To improve the 
accuracy of the potential set at the working electrode and provide 
conversion from electrical voltage values to chemical voltage values, a 
reference electrode composed of an Ag/AgCl interface covered in a 
polymeric paste to prevent leaching is also incorporated. Generally, the 
printing process proceeds using vapor deposition or spray printing of a 
micrometer-thick conductive layer onto the substrate, which is 
polyethylene terephthalate in the image. For experiments detailed below, 
electrodes similar to that shown in Figure 1 were used but printed on 
ceramic substrates with a carbon working and counter electrode, and an 
Ag/AgCl paste reference electrode.  



ERDC/EL TR-22-3 6 

Figure 1. Generic screen-printed electrode along with cyclic voltammograms showing 
sensor-to-sensor variation in 1 mM Ferrocene methanol.  

 

Unfortunately, the nature of the graphitic ink introduces significant 
heterogeneity in surface structure on the working electrode (Wang et al. 
1998). While traditional polished electrodes may be modeled as two-
dimensional geometric disks, the three-dimensional structure of the SPE 
surface may lead to variations in the electrochemically active surface area 
and, thus, the analytical electrochemical signal. For instance, Figure 1 
shows a series of cyclic voltammograms performed over six SPEs, which 
all show varying current responses for the oxidation of ferrocene 
methanol. The scan begins at 0 V, sweeps to 0.4 V producing a peak 
related to the oxidation of ferrocene methanol, then sweeps back to 0 V 
producing a peak related to the reduction of the ferrocenium methanol 
cation. Since ferrocene methanol is an outer-sphere electron transfer 
molecule, it may be used to report the electrochemically active surface area 
of a given electrode (assuming a semi-infinite linear diffusion profile 
[Ngamchuea et al. 2014]), as the peak current is directly proportional to 
the electrode area according to the Randles-Sevcik equation: 

𝑖𝑖𝑝𝑝 = 268,600𝑛𝑛3/2𝐶𝐶∗𝐴𝐴𝐷𝐷1/2𝑣𝑣1/2 

Where n is the number of electrons, C* is the bulk concentration of the 
analyte, D is the diffusion coefficient of the analyte, A is the electrode area, 
and v is the scan rate. Using the radius of the screen-printed electrodes 
employed (2 mm), the diffusion coefficient of ferrocene methanol (7.0 x 
10-6 cm/s) (Cannes et al. 2003), a concentration of 1 mM, and a scan rate 



ERDC/EL TR-22-3 7 

(0.1 V/s), one would predict a peak current of ca. 7.5 µA. However, the 
peak current obtained exceeds this value because of the non-geometric 
nature of the graphitic SPE surface. This heterogeneity is observed in the 
relative spread of peak currents, meaning sensors based on redox 
chemistry will reflect an uncertainty interval proportional to the difference 
in area electrode-to-electrode.  

While cyclic voltammetry is a popular means of evaluating electron 
transfer (Faradaic) processes, a significant capacitive current related to ion 
rearrangement (non-Faradaic) processes at the electrode surface can 
masks important peaks and features which may be used for chemical 
sensing. This phenomenon is particularly significant at high-surface area 
electrodes (i.e., porous, rough) (de Levie 1963), including the polymer-
modified electrodes used in this work. To reduce the capacitive current, 
square wave voltammetry (SWV, also cyclic square wave voltammetry, 
CSWV, if two sweeps are applied) uses alternating current pulses to 
background subtract the capacitive signal from the analytical signal. This 
is possible due to the rapid decay of ion rearrangement processes at the 
electrode surface compared to the relatively slow decay of diffusion-
controlled electron transfer processes. However, the pulse parameters 
must be optimized to obtain voltammograms free of significant 
capacitance. For example, Figure 2 shows two CSWVs, one obtained with a 
50 ms pulse period and the other with a 20 ms pulse period. Importantly, 
a sampling period of 1 ms was maintained at the conclusion of the pulse 
period. The 50 ms pulse period provides a voltammogram with a lower 
background current because the decay of the capacitive signal happens 
over a longer timeframe. Conversely, the 20 ms pulse period produces a 
larger background due to the higher fraction of capacitive signal captured 
in the 1 ms sampling period.* Based on these results, a 50 ms pulse period 
was utilized throughout these experiments for the evaluation of polymer-
modified and molecularly imprinted electrodes.  

 

* For further information on SWV parameters and optimization, see Bard and Faulkner 2001. 
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Figure 2. Effect of CSWV pulse period on the resulting capacitive background signal. 

 

As previously mentioned, the reference electrode surface is composed of 
an Ag/AgCl interface covered with a polymeric paste to prevent silver 
leaching. This interface provides a stable reference potential allowing 
electrochemical processes to be calibrated thermodynamically; however, if 
exposed to the solution for an extended period of time (hours), silver ions 
may escape the polymer diffusion barrier and contaminate the matrix, or 
even deposit spontaneously on the working electrode surface via 
photodeposition. The effect of silver ion in solution can easily be observed 
using voltammetry, as silver ion will be reduced on the surface and re-
oxidized at mild potentials. Figure 3 shows a voltammogram of an SPE left 
in 1x phosphate buffered saline (PBS) overnight. Scanning toward negative 
voltages, no peak is observed until ca. -0.5 V versus Ag/AgCl, where 
oxygen reduction to hydrogen peroxide begins to manifest. After this wave, 
a small sharp deposition peak is observed before the scan reverses back 
toward positive voltages. At ca. 0.25 V vs Ag/AgCl, a large symmetric 
surface peak is observed, which is consistent with Ag0 oxidation to Ag+ via 
a 1 electron process. Thus, it is important to minimize SPE contact with a 
solution for prolonged periods of time to protect the surface integrity of 
the working electrode. The decomposition of the reference electrode will 
result in potential drifting, which could hamper analytical characterization 
of peaks based on their thermodynamic position relative to Ag/AgCl.  
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Figure 3. CSWV showing the effect of Ag contamination on the electrochemical signal. 

 

3.2 Redox evaluation of model nitroaromatic compounds for matrix 
selection 

To optimize the SPE sensors for the detection of nitroaromatic 
compounds, the electrochemical response in various buffers was evaluated 
using a model compound, 2,4,6-trinitrotoluene (TNT). Nitroaromatic 
reduction reactions are commonly studied in the electrochemical literature 
and proceed through a proton-coupled reaction to produce primary 
amines (Galik et al. 2011). Though more complicated mechanisms have 
been reported, generally the reduction of nitroaromatic groups follows the 
reaction pathway below: 

𝐴𝐴𝐴𝐴 − 𝑁𝑁𝑁𝑁2  
+2𝑒𝑒− +2𝐻𝐻+−𝐻𝐻2𝑂𝑂
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝐴𝐴𝐴𝐴 − 𝑁𝑁𝑁𝑁

+2𝑒𝑒− +2𝐻𝐻+
�⎯⎯⎯⎯⎯⎯⎯�𝐴𝐴𝐴𝐴 − 𝑁𝑁𝑁𝑁(𝑁𝑁𝑁𝑁)

+2𝑒𝑒− +2𝐻𝐻+ −𝐻𝐻2𝑂𝑂
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�𝐴𝐴𝐴𝐴 − 𝑁𝑁𝑁𝑁2 

Notably, each step in this reaction progression is reversible, meaning the 
reduced amine may be oxidized back to a nitro-group at sufficient 
potentials (Galik et al. 2011). This reaction was examined in 0.1 M PBS to 
evaluate the electrochemical response (Figure 4). The background 
voltammogram shows characteristics of oxygen reduction manifesting as 
an increase in current at more negative potentials, but no discrete peaks. 
When 10 mg/L TNT was added, a significant reduction peak at ca. -0.45 V 
vs Ag/AgCl appears over the background, corresponding to the reduction 
of a single nitro-group to an amine (Galik et al. 2011). If the potential was 
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swept further negative, two other reduction peaks related to the two other 
nitro groups on TNT appeared, though these peaks were significantly 
convoluted with residual current from oxygen reduction. Therefore, 
further analysis was limited to the first reduction peak. The return sweep 
reveals an oxidation peak corresponding to amine oxidation back to a nitro 
group. These results demonstrate the ability to electrochemically evaluate 
nitro-containing aromatic molecules in aqueous solutions. 

Figure 4. Electroreduction of a single nitroaromatic group on TNT. 

 

Since the overall nitroaromatic reduction reaction requires six proton 
transfer steps, it is highly dependent on the relative concentration of 
proton in the solution. To explore this effect and select an ideal buffer, the 
reaction was examined in acetate buffer (pH 5.85), carbonate buffer (pH 
9.2), 1x PBS (pH 7.2), and KCl (pH 7.03) (Figure 5). A clear trend emerges 
in the buffered systems; the buffer with the greatest proton concentration 
(acetate) shows a peak at a lower thermodynamic potential (ca. -0.4 V vs 
Ag/AgCl), while the buffer with the lowest proton concentration 
(carbonate) shows a peak at a higher thermodynamic potential (ca. -0.5V 
vs Ag/AgCl). The trend is reversed for the oxidation process due to the 
reaction now producing protons, which is thermodynamically more 
favorable in more alkaline media according to Le Chatelier’s principle. The 
reaction in unbuffered KCl with a measured pH of 7.03 reveals peaks at 
the most negative voltages. This could be explained by the lack of pH 
control directly adjacent to the electrode surface while the reaction is 
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occurring. Because residual oxygen reduction (which consumes protons) is 
occurring simultaneously with the nitroaromatic reduction (which also 
consumes protons), the pH directly adjacent to the electrode surface will 
vary significantly from the bulk pH. These data suggest the pH is 
drastically raised at the electrode surface in unbuffered solution, 
explaining the relative peak positions. 

Figure 5. Effect of pH on the electroreduction of TNT. 

 

From these data, 1x PBS was chosen as an ideal buffer due to the enhanced 
peak height and more narrow peak width compared to acetate buffer, and 
more symmetric peak shape for the amine oxidation compared to 
carbonate buffer.  

3.3 Electropolymerization and characterization of polyaniline-
modified sensors 

Electropolymerization of thin films may provide several significant 
advantages for chemical sensing. First, the molecular content of the 
polymer may enhance specific interactions between the electrode surface 
and the analyte of interest. For instance, acid-base interactions help drive 
association of acidic molecules such as 2,4-dichlorophenoxyacetic acid 
with poly(o-phenylenediamine) thin films (Fernando et al. 2021). Such 
interactions may serve to lower the overpotential to drive a specific 
electrochemical conversion, or permit a preconcentration effect to 
manifest as the analyte binds to the polymer. Second, if the polymer is 
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conductive, the surface area of the electrode may be greatly enhanced, 
enhancing the signal derived from analyte diffusion to the electrode 
surface. After characterizing the electrodes and buffers necessary to 
evaluate nitroaromatic compounds, a conductive aniline polymer film was 
electrodeposited to explore these potential benefits.  

Figure 6a shows a voltammogram sweeping from -0.1 to 1.0 V vs Ag/AgCl 
for ten cycles to drive the growth of the polyaniline (PANI) film. The 
reaction was carried out in 0.5 M H2SO4 with 110 mM aniline monomer 
according to literature procedure (Wang et al. 2013) to drive the growth of a 
high-surface area thin film. Multiple characteristic peaks may be evaluated 
as the film grows. Since the polymerization initiates through the formation 
of a radical aniline cation at high potential, the electrochemical signal 
observed does not necessarily reflect the deposition of the film as non-
conductive monomers (e.g., o-phenylenediamine), but rather the 
electrochromic switching behavior (i.e., the intrinsic electrochemistry) of 
the PANI precipitating onto the electrode surface. Once deposited, the 
conductive polymer may exist in a variety of oxidation states depending on 
the applied potential. The set of redox peaks between 0 and 0.2 V vs 
Ag/AgCl are associated with the conversion of the fully reduced 
leucoemeraldine base to the partially oxidized emeraldine, while the second 
set of redox peaks between 0.3 and 0.8 V vs. Ag/AgCl are related to the 
conversion of emeraldine to the fully oxidized pernigraniline base (Wang et 
al. 2013). The cycle number was restricted to ten cycles because thick 
polymer films formed by electrodeposition are prone to delamination. The 
film thickness will be optimized in future studies (See Chapter 4).  
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Figure 6. (a) Electropolymerization of aniline to form a conductive PANI film; (b) 
Micrograph of unmodified working electrode; (c) Post-PANI modification micrograph. 

 

The resulting polymer film was evaluated using SEM by comparing an 
unmodified surface (Figure 6b) with a PANI modified surface (Figure 6c). 
The PANI-modified surface appears smoother than the unmodified 
graphitic surface and is characterized by polymer crystallites of various 
sizes, which appear to be approximately ~100 nm in agreement with 
previous literature (Wang et al. 2013). The combination of the characteristic 
electrochemical response for PANI films and change of surface structure via 
SEM confirm the successful deposition of a polymer layer.  

It was hypothesized the electrochemical response of a conductive PANI 
film would exhibit a time-dependence due to reduced mass transfer of the 
analyte into the film, as well as potential adsorption/preconcentration 
effects due to intermolecular interactions (acid-base, π- π stacking, etc.) 
and hydrophilicity and hydrophobicity effects (vide infra). To test this 
hypothesis, the electrochemical reduction of DNAN was evaluated at a 
high concentration (10 mg/L) on the PANI-modified sensor in 1x PBS 
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(Figure 7). Two reduction peaks were evident over the background, which 
were related to the reduction of each nitro-group on DNAN (vide infra). 
Using a fresh electrode, the effect of preconcentration was examined by 
placing the electrode in the solution containing DNAN, waiting a specified 
period, and then running the electrochemical measurement. These data 
indicate it takes at least 5 min for the DNAN to fully permeate the PANI 
film based on the limiting peak current value, after which the current 
response does not increase appreciably. This effect is expected to show 
dependence on polymer properties such as film thickness, 
charge/oxidation state, and dopants. Therefore, it is essential to evaluate 
this to ensure sensors are compared at equilibrium. 

Figure 7. Current magnitude as a function of incubation time demonstrating the 
preconcentration effect of DNAN within the PANI film. 

 

To remove the DNAN from the PANI film, the relative solubility of the 
reduced (amine-containing) compound versus the oxidized (nitro-
containing) compound may be exploited. Figure 8 shows a voltammogram 
where a sensor saturated with DNAN was placed in a fresh buffer and 
swept over the same potential range used for detection. Due to the 
hydrophobicity of the nitro-containing molecule, it is likely that the 
preconcentration effect is driven in-part by the partitioning of DNAN into 
the PANI film. However, when DNAN is reduced to the amine-containing 
molecule, the hydrophobicity decreases (Pati et al. 2005), driving the 
species out of the polymer and regenerating a fresh interface. The result of 
this reduction process can be seen by the decreasing current signal, which 
approaches baseline values after only three sweeps. This cleaning 
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procedure was found to be highly reproducible for obtaining equivalent 
backgrounds using the PANI-modified electrode.  

Figure 8. Electrochemical cleaning procedure to extract DNAN from the PANI-thin film. 

 

3.4 Detection of DNAN using polyaniline-modified sensors  

With the electrochemical response of DNAN established on the PANI-
modified sensor, trials with an unmodified sensor (i.e., a bare graphitic 
carbon surface) were undertaken to compare the relative analytical 
response. Figure 9 shows a comparison of two voltammograms with their 
respective backgrounds, one of 10 mg/L DNAN reduction on a bare 
graphitic carbon electrode, and the other on the PANI-modified sensor. A 
significant difference in baseline current was observed, which is related to 
the difference in capacitance between the high-surface area PANI film and 
the roughly planar graphitic carbon surface. Unfortunately, the slow 
relaxation kinetics of the polymer film resulted in this residual capacitance 
consistently observed across the PANI sensors; however, extending the 
pulse period longer than 50 ms to further subtract the capacitive signal 
causes a loss of Faradaic signal as the DNAN diffusion layer extends out 
and away from the electrode surface. Regardless, if a baseline 
measurement may be taken, the relative peak heights may be compared. 
The baseline-to-peak signal for the PANI-modified sensor is 4x that of the 
bare graphitic carbon electrode due to the surface area enhancement and 
preconcentration effects previously discussed.  
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Figure 9. Comparison of unmodified carbon electrode and the PANI-modified 
electrode revealing a 4x current enhancement. 

 

There may also be a kinetic component at play; note the convolution of the 
oxygen reduction signal in the background of the bare graphitic carbon 
trace with the 10 mg/L DNAN signal. Generally, Faradaic signals are 
additive when observed in voltammetry (i.e., the current from electron 
transfer process #1 is additive with electron transfer process #2); however, 
when reactive intermediates are produced (such as hydrogen peroxide in 
the case of oxygen reduction), it is possible that a post-electron transfer 
chemical reaction occurs which may depress the signal related to the 
analyte of interest (Zhou et al. 2018). Thus, the DNAN signal may be 
negatively influenced by the background oxygen reduction process. In 
contrast, the PANI-modified electrode shows a kinetic resistance to oxygen 
reduction at the potentials necessary to drive DNAN reduction, as 
evidenced by the lack of significant background peaks. This effect has been 
documented previously using a Tafel analysis, which indicates O2 
reduction to H2O2 is favored on bare graphitic carbon electrodes compared 
to PANI-modified electrodes (Cui and Lee 1994). While unfortunate for 
catalytic applications, this suppression of the oxygen reduction reaction is 
favorable for deconvoluted chemical sensing.  

The advantages of the PANI-modified electrode were employed to detect 
trace levels of DNAN in 1x PBS buffer. A slight increase in current is visible 
for the iterative addition of 100, 200, and 300 μg/L μg/L DNAN with a 
5-min preconcentration timeframe (Figure 10). However, the increase in 
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current is convoluted by the slight change in capacitive signal and the 
slope of the baseline. Applying a background correction in this case may 
cause a convolution of the capacitive and Faradaic signals, which could 
mask trends in the signal related to DNAN reduction.  

Figure 10. Reduction of DNAN at a PANI-modified surface after a 5-min 
preconcentration timeframe. 

 

Provided a reference peak is available to level-shift the data, the 
capacitance may be corrected. Though adding an internal standard like 
ferrocene methanol is an option, the appearance of a surface peak at ca. -
0.4 V vs Ag/AgCl that was consistent in the background and calibration 
points was noted. This background peak was likely associated with a 
surface process in the electroactive polymer, as it does not appear in the 
background voltammograms on bare carbon surfaces. Thus, the peak of 
this surface wave was used as a zero-point for the data prior to background 
correction (Figure 11a). The background has been subtracted and does not 
appear on this plot (Figure 11a) as all values are normalized to a y-value of 
0. Here, the dual wave reduction of DNAN is much more apparent and 
increases linearly with the concentration of DNAN. The calibration curve 
developed from these data shows linearity with an R2 of 0.9991 and a slope 
of 62.7 nA/μg/L (Figure 11b). The limit of detection (LOD) was calculated 
using the following formula: 

𝐿𝐿𝑁𝑁𝐷𝐷 =  
3 ∗ 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑏𝑏
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Where σsignal is the standard deviation of the electrochemical signal (i.e., 
the noise), and b is the slope of the calibration curve (Sanagi et al. 2019). 
This formula suggests a LOD on the order of ~2 μg/L with an LOQ (10x 
the noise divided by the slope) of 5 μg/L. This value represents a 
remarkable detection capability for an electrochemical sensor using direct 
reductive detection and reflects the power of using a polymer film as a 
preconcentration medium. Since the thickness of the polymer film will 
affect the detection efficiency, the calibration experiments were run once 
to demonstrate a proof-of-concept for the enhanced sensitivity offered by 
the PANI-modified sensor. Future work will focus on optimizing the 
thickness and stability of the PANI film and evaluating the sensors in 
triplicate to determine the extent of sensor-to-sensor heterogeneity. 
Because the surface area will be difficult to control in a three-dimensional 
polymer network, additional characterization techniques such as 
electrochemical impedance spectroscopy (EIS) may be necessary to 
normalize the current by area to improve reproducibility (Musiani 1990).  
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Figure 11. (a) Baseline corrected and subtracted SWVs from Figure 10; (b) Calibration 
curve obtained from the SWV data. 

 

 

3.5 Assessment of DNAN/polyaniline molecularly imprinted polymer 
(MIP) sensor 

Molecularly imprinted polymers (MIPs) are formed by polymerizing a 
monomer in the presence of a template molecule generating specific 
recognition interactions (e.g., acid-base, hydrogen bonding) within the 
polymer film (Malitesta et al. 2012). The authors hypothesized that 
polymerizing aniline in the presence of DNAN would enhance the surface 
area of the polymer film due to dopant effects. Furthermore, after 
stripping the DNAN away, we believed the binding properties for DNAN 
would be enhanced by the so-called “pockets” in the imprinted polymer 
film with a specific affinity for DNAN (Fernando et al. 2021; Glasscott et 
al. 2020). The exact mechanism for heightened re-adsorption affinity into 



ERDC/EL TR-22-3 20 

molecularly imprinted polymers is still an open question (Sharma et al. 
2019). Thus, the combination of a higher surface area with increased 
binding affinity should, in theory, enhance the preconcentration effect and 
enable more sensitive measurements.  

The synthesis of the MIP-modified graphitic carbon sensor was carried out 
under equivalent conditions as the non-imprinted polyaniline film, 
hereafter referred to as the non-imprinted polymer (NIP). Figure 12 shows 
the electrochemical growth of the MIP film over 10 cycles. Immediately 
evident is the difference in inherent redox activity for the MIP compared 
to the NIP. While the first oxidation step to form the emeraldine base 
appears similar, the following oxidation of emeraldine to the fully oxidized 
pernigraniline base appears more kinetically facile. Notably, no waves 
observed correspond to the oxidation of DNAN based on the growth of 
each peak over time and gaussian peak shape traditionally associated with 
surface processes (such as PANI conversion to various oxidation states). 
Because the second oxidation process is a convolution of multiple peaks, it 
is difficult to determine the exact mechanism. However, the alteration of 
the electropolymerization response after introduction of the DNAN dopant 
is consistent with previous studies and indicates the successful formation 
of an imprinted electrode (Liao et al. 2019). 

Figure 12. Overlay of electropolymerization voltammograms for the MIP and NIP. 
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After functionalizing the sensor with the DNAN/PANI MIP and extracting 
via the cleaning method described above in fresh buffer, the background 
wave shown in Figure 13 was obtained at a relatively high background 
current (80 µA) compared to the background current for the NIP (30 µA), 
suggesting a higher relative surface area. The increase in surface area 
compared to the NIP agrees with previous studies introducing dopants 
into PANI films (Shi et al. 2015). DNAN was then introduced into the 
solution at a concentration of 0.25 mg/L to probe the electrochemical 
response. After a 5-min incubation period, the background current 
decreased precipitously. Further addition to a total concentration of 
0.5 mg/L DNAN caused another drop in background current, which 
brought it back to the ~30 µA baseline observed for the NIP. Interestingly, 
further addition to 1 ppm and 3.5 mg/L caused slight increases in the peak 
height, reversing the previous trend.  

Figure 13. Competing current/capacitive responses for the MIP at various 
concentrations of DNAN. 

 

The change in peak height is plotted in Figure 14, which suggests a 
transition from a capacitively dominated process to an electron-transfer 
dominated process. Mechanistically, it is possible the low concentration of 
DNAN re-adsorbing into the DNAN/PANI MIP film prompts a 
structural/morphological change reducing the capacitance. Eventually, 
this effect competes with the Faradaic reduction process, causing the peak 
current to rebound slightly. Since SWV is a background-subtraction 
technique, assessing capacitive behavior is not ideal, and other techniques 
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such as EIS and DC voltammetry will be used in future work. While the 
desired response was not immediately obtained, the MIP film results 
showed promise for developing more sensitive and potentially selective 
sensors based on the reduction of a capacitive signal. Future work will 
focus on understanding the process driving the reduction in capacitance 
via correlated electrochemical, ellipsometric, and quartz crystal 
microbalance methods.  

Figure 14. Peak current versus concentration of DNAN revealing capacitive/electron 
transfer competition. 

 

3.6 Evaluation of PETN in liquid-liquid extraction amenable 1,2-
dichloroethane  

While direct reduction of DNAN in aqueous systems represents a 
straightforward detection method, explosive compounds, which are 
practically insoluble in water, such as pentaerythritol tetranitrate (PETN), 
represent a more difficult analyte for electrochemical detection. 
Furthermore, the structure of PETN contains nitrate ester groups as 
opposed to nitroaromatic groups, meaning electrochemical reduction will 
require a higher potential magnitude (Galik et al. 2011). Control 
experiments for PETN in aqueous systems showed no change in 
electrochemical signal over the background. Thus, electrochemistry in an 
organic solvent was pursued to increase the concentration of PETN to 
detectable levels, and to increase the accessible potential window for 
electroreduction of the PETN. 1,2-dichloroethane was chosen due to its 
immiscibility with water, which may permit the development of liquid-
liquid extraction-based sensors in the future (Sabaragamuwe et al. 2020). 
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In this experiment, a large aqueous sample could be mixed with a smaller 
volume of 1,2-dichloroethane to partition trace concentrations from the 
aqueous phase to the organic phase for electrochemical detection.  

To evaluate the electroreduction of PETN in 1,2-dichloroethane, the 
electrochemical window for 1,2-dichloroethane versus a silver/silver ion 
electrode was examined. This silver/silver ion reference electrode is 
commonly employed in non-aqueous solvents due to the instability of 
Ag/AgCl reference electrodes in these matrices (Elgrishi et al. 2018). The 
background showed characteristics of oxygen reduction (likely to 
superoxide radical [Galiote et al. 2014]), and reduction of either the salt 
(tetrabutylammonium cation) or the 1,2-dichloroethane itself at ca. 1.4 V 
vs Ag/Ag+. The solution was purged with argon to clearly evaluate the 
reduction of PETN to reduce the interference of the oxygen reduction 
signal. Figure 15a shows a series of voltammograms over different 
concentrations of PETN, which give a linear increase in peak height at ca. 
1.25 V versus Ag/Ag+. These peaks do not show reversibility as one might 
expect for the one electron reduction of a nitro group in aprotic solvent to 
form a nitro radical (Olson et al. 2015). Since there is no proton source, the 
traditional reduction of a nitro group to an amine is likely not occurring 
appreciably. Furthermore, since there is no aromatic ring to help stabilize 
the radical, it is likely a kinetically rapid inter- or intra-molecular reaction 
takes place by which the radical is consumed (Wirtanen et al. 2020). While 
the exact mechanism of reduction and reaction product is unclear, a 
calibration curve may be generated with an R2 of 0.9978, where the non-
zero y-intercept represents the capacitive current in the background 
(Figure 15b). All experiments were run in triplicate, and the standard 
deviation of the blank (35 nA) showed agreement with the noise profile 
(35 nA), indicating excellent repeatability. Using these values, a LOD of 
500 μg/L was obtained.  
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Figure 15. (a) Cyclic voltammograms at various concentrations of PETN in deaerated 
1,2-dichloroethane; (b) Calibration curve tracking the peak height as a function of 

concentration. 

 

To further probe the nature of the reaction, a scan rate analysis was 
performed to elucidate whether an adsorption process was occurring at the 
electrode surface versus a diffusion process related to the PETN reduction. 
Cyclic voltammetry’s (CVs) were performed for a PETN concentration of 
25 mg/L at six scan rates ranging from 10 mV/s to 500 mV/s (Figure 16). 
As expected, the peak height grows at higher scan rates due to the 
decreased time interval over which the PETN at the electrode surface is 
reduced. Since the current is inversely proportional to time (I = C t-1, 
where I is the current, C is the charge in coulombs, and t is the time), 
faster scan rates produce higher current responses. This dependence will 
trend linearly with either the scan rate directly or the square-root of the 
scan rate. If the process is surface/adsorption controlled (i.e., oxidation of 
leucoemeraldine base to emeraldine base in a PANI film), the peak current 
will trend with the scan rate directly due to the confined nature of the 
analyte. However, if the arrival of the analyte at the electrode surface is 
diffusion controlled, the Einstein equation predicts a dependance on the 
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square-root of time. Thus, diffusion-controlled processes will see a peak 
current increase linearly with the square-root of the scan rate.  

Figure 16. Scan rate analysis to determine diffusion versus surface control. 

 

Figures 17a and b show the peak current plotted versus the scan rate and 
square-root of the scan rate, respectively, revealing a greater linear 
dependence on the square-root of the scan rate. These data suggest the 
PETN arrives at the surface via diffusion and undergoes an electron 
transfer process (likely 1 electron to form a radical).  

Figure 17. (a) Non-linear trend for peak current plotted against the scan; (b) Linear trend for 
peak current for PETN reduction plotted against the square-root of the scan rate. 

 

As a control experiment, the capacitive signal (which is a surface process) 
was also tracked and revealed a typical anodic and cathodic trend scaling 
directly with the scan rate (Figure 18). Since the PETN reduction process is 
diffusion-controlled, the Randles-Sevcik equation (vide supra) may be 
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used to estimate the diffusion coefficient, which renders a value of 6.57 x 
10-6 cm/s. Though no values for the diffusion coefficient of PETN exist in 
the literature for 1,2-dichloroethane, this value is remarkably close to the 
diffusion coefficient of pentaerythritol mononitrate of 6.67 x 10-6 cm/s 
reported for aqueous systems (Jarrell and Carignan 1966).  

Figure 18. Control experiment assessing the anodic and cathodic capacitive current 
signal (surface controlled) as a function of scan rate. 
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4 Conclusions and Future work 

In this work, two proof-of-concept electroanalytical methods for the 
quantification of 2,4-dinitroanisol (DNAN) and pentaerythritol 
tetranitrate (PETN) were demonstrated. For the first time, DNAN 
reduction was analyzed and compared at a bare graphitic carbon electrode, 
a polyaniline-modified electrode, and a molecularly imprinted polymer 
electrode. We hypothesized the electrochemical signal related to the 
reduction of nitroaromatic groups would be enhanced at a PANI-modified 
electrode due to enhanced surface area, as well as interactions between the 
DNAN and PANI driving a preconcentration effect. Both mechanisms were 
confirmed to manifest a 4x greater analytical signal compared to the bare 
electrode. Additionally, this preconcentration effect permitted the 
detection of DNAN down to 100 μg/L, with a detection limit of 2 μg/L. 
However, while it was thought imprinting the PANI film with DNAN 
molecules would further enhance these effects, a convolution 
characterized by competition between the decreasing capacitive signal and 
the increasing electron transfer signal was observed.  

Future work will address the three priorities listed below for the detection 
of DNAN at polymer-modified electrodes.  

1. The polymer thickness and morphology must be optimized and 
correlated to the equilibration timeframe and current signal to obtain a 
sensor with a minimal incubation period and a maximal LOD.  

2. The surface area of the PANI films must be quantified to improve 
sensor-to-sensor response.  

3. The capacitive signal and electron transfer signal for the MIP-modified 
electrode must be deconvoluted using electrochemical impedance 
spectroscopy or other advanced electrochemical techniques to 
determine if an ultra-sensitive method can be extracted from these 
unique surfaces.  

The electrochemical response of PETN was evaluated in deaerated 1,2-
dichloroethane to overcome solubility issues in aqueous systems, as well as 
electrochemical potential window limits. A calibration curve was 
generated between 5 and 25 mg/L with an LOD of 500 μg/L, and a scan 
rate analysis revealed a diffusion-controlled process. Using the Randles 
Sevcik equation, a diffusion coefficient of 6.57 x 10-6 cm/s was extracted, 
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which agreed with previous values for the similarly structured 
pentaerythritol mononitrate. 

Future work will address the two priorities listed below for PETN 
detection.  

1. A liquid-liquid extraction experiment should be attempted to quantify 
the partition coefficient of PETN into 1,2-dichloroethane to 
demonstrate the viability of an extraction-based sensing method.  

2. The product of the reduction process should be isolated and evaluated 
via mass spectrometry to clearly determine the electron transfer 
mechanism. 
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Ag/AgCl Ag/AgCl 

Ag/Ag+ Silver/Silver Ion 

CSWV Cyclic Square Wave Voltammetry 

CV Cyclic voltammetry 

DNAN 2,4-Dinitroanisol 

EL Environmental Laboratory 

ERDC US Army Engineer Research and Development Center 

IMS Ion Mobility Spectroscopy 

LOD Limit of Detection 

LOQ Limit of Quantitation  

MIP Molecularly Imprinted Polymer 

MS Mass Spectrometry 

NIP Non-Imprinted Polymer 

PANI Polyaniline 

PBS Phosphate Buffered Saline 

PETN Pentaerythritol Tetranitrate 

RDX 1,3,5-Trinitro-1,3,5-Triazine 

SERS Surface Enhanced Raman Spectroscopy 

SEM Scanning Electron Microscopy 
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SPE Screen-Printed Electrode 

SWV Square Wave Voltammetry 
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