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Influence of soil type on chemiresistive detection of buried ANFO 
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A B S T R A C T   

Ammonium nitrate/fuel oil (ANFO) is one of the most commonly used materials for improvised explosive devices 
(IEDs). Stand-off ANFO vapour sensors that are small, inexpensive, and easy to use will allow for the detection of 
IEDs in security and humanitarian settings. Concealment is one of the main challenges of IED detection and 
increases the need for highly sensitive vapour sensors. Here, percolation networks of polypyrrole (PPy) are used 
to detect ANFO buried under various types of soil. Percolation networks are used to achieve an improved 
sensitivity compared to thin film-based vapour sensors, achieving a limit of detection of 73 ± 11 ppbv NH3. The 
influence on the sensor response of concealment under different soil types, as well as the thickness of the soil 
layer, is investigated. Reliable detection of ANFO buried under layers of sand or sandy soil is demonstrated at 
sub-ppm concentrations, however clay is found to act as a significant barrier to the permeability of NH3.   

Introduction 

The detection of improvised explosive devices (IEDs) is important for 
both security and humanitarian applications. Cheap and reliable hu-
manitarian demining remains a challenge, especially in developing 
countries where unexploded devices remain concealed due to past or 
present conflicts. Typically, IEDs are based on materials that are easily 
available, such as perchlorates or a mixture of ammonium nitrate and 
fuel oil (ANFO) [1]. The detection of ANFO is especially challenging 
because ammonium nitrate (AN) itself is not volatile, although its 
decomposition products NH3 and HNO3 are [2,3]. 

Although sniffer dogs are still the gold standard in terms of sensi-
tivity, it is not always practical to use dogs for explosives detection. 
Established technological solutions, such as methods based on mass 
spectrometry [4], often rely on large pieces of equipment that are 
expensive and not practical for the detection of IEDs in the field. 
Furthermore, metal detectors, ground penetrating radar, acoustic sen-
sors, and other methods that are traditionally used for the detection of 
mines can be ineffective because of the large range of materials, shapes, 
and sizes of the containers used for IEDs [5]. Conducting polymer (CP) 
based chemiresistive sensors offer a potential solution because they are 
small, easy to use, relatively inexpensive, and can operate at room 
temperature [6]. Sensors based on CPs have been demonstrated for a 
large range of sensing and analyte materials [7–12]. Recent work has 
demonstrated ppbv level ANFO vapour sensing using percolation net-
works of polypyrrole (PPy) [13]. NH3, one of the decomposition 

products of ammonium nitrate, is a strong electron donor and upon 
interaction causes an increase in the resistance of p-type PPy. It has been 
shown that by using a percolation network of conductive polymers, 
instead of a more traditional thin film, it is possible to significantly in-
crease the sensitivity. Close to the percolation threshold an interaction 
with an analyte molecule has a larger effect on the resistance of the 
polymer layer as a whole, compared to an interaction with a polymer 
film, resulting in a more sensitive sensor [14]. 

However, detection of buried IEDs remains a challenge. The per-
formance of all sensors is affected by both the presence and the prop-
erties of the soil under which the IED is buried [15]. Gas permeability is 
related to the texture and bulk density of the soil and is therefore 
different for different soil types [16]. One recent example for stand-off 
detection of buried mines uses an optical biosensor [17,18]. Although 
promising, this method relies on bacterial beads placed on the soil sur-
face, introducing the additional challenge of removing or deactivating 
the beads after testing the area for the presence of mines. Another recent 
example uses a Super Yellow-based system placed directly over the 
sample for optical detection of 2,4-dinitrotoluene (DNT) and 2,4,6-trini-
trotoluene (TNT) [19]. 

The additional challenges posed by concealment highlight the need 
for highly sensitive sensors for stand-off explosives detection and the 
importance of understanding the impact of the soil layer on the sensor 
performance for buried IEDs. Here we demonstrate chemiresistive 
vapour sensing using PPy percolation networks of ANFO concealed 
under a layer of soil. The effects of soil type and soil layer thickness on 
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the sensor response are also investigated. 

Methods 

Sensor fabrication 

Pt interdigitated electrodes (IDEs) with a 5 μm electrode separation 
on glass substrates (Micrux, Spain) were used after cleaning with 
concentrated nitric acid (HNO3, 90%, Merck), followed by sonication in 
ethanol (C2H6OH, 99.8%, Merck), methanol (CH3OH, 99.9%, Merck), 
and acetone (C3H6O, 99.8%, Merck). Electrochemical polymerisation 
from a solution of 0.01 M pyrrole (Merck) and 0.1 M lithium perchlorate 
(LiClO4, Merck) in acetonitrile (C2H3N, Merck) was used to grow poly-
pyrrole (PPy). A 3-electrode set-up was used. The IDEs were electrically 
connected together and used as the working electrode. An Ag/AgCl (CH 
Instruments, USA) reference electrode and a Pt coil (BASi, USA) counter 
electrode were used. The electrochemical polymerisation was monitored 
and controlled via an Autolab PGSTAT204 potentiostat (Metrohm, 
Switzerland) and a PC with Nova 1.11 software [20]. Chro-
noamperometry was used to keep the potential between the working 
electrode and the reference electrode at 1.0 V for 60 s. This typically 
resulted in sensors with a starting resistance between 5 kΩ and 50 kΩ. 
From previous work on PPy deposition between Au IDEs on flexible PET 
substrates we known that this corresponds to the percolation region for 
PPy networks [14]. Finally, the sensors were p-doped in a monomerless 
0.1 M LiClO4 solution, using chronoamperometry at 1.0 V for 60 s. 
Electrochemical polymerisation was used for the growth of PPy net-
works because this method allows for a high level of control and the 
formation of networks with sub-thin film polymer coverage. However, 
due to the random nature of electrochemical polymerisation, resulting 
polymer networks and their electrical resistance can vary even when 
they are produced in the same way. This is a significant challenge that 
needs to be addressed before electrochemically grown sensors can be 
produced at a large scale. 

Buried AN(FO) detection 

The sensors were exposed to vapour emitted by crushed Nutribooster 
(YaraBela UK) and crushed Nutribooster mixed with diesel (Merck). The 
nitrogen content of Nutribooster is 25%, of which half is nitrate-N and 
half ammoniacal-N. Each ANFO sample consisted of ~0.94 g Nutri-
booster and 0.06 mL diesel because this is the ratio most commonly used 
in IEDs [21,22]. Exposures to 1–8 ppm NH3 (from a 10 ppm NH3 in N2 
cylinder, BOC) were used to calibrate the sensors. N2 (zero grade, BOC) 
was used to carry vapours emitted by the fertiliser and ANFO samples 
into the sensing chamber and to further dilute the NH3. To allow for a 
comparison of sensor signals from samples below thicker or less 
permeable soil layers, the exposure time was set at 5 min. However, 
because of the fast sensor responses, shorter exposure times that are 
more suitable for practical implementation are sufficient for normal 
sensor operation. For safety reasons, the sample size was limited to 1 g 
for all fertiliser and ANFO samples. Furthermore, fertilisers and fuel oils 
were stored separately, and AN(FO) waste was kept in an excess of water 
for disposal. 

The fertiliser and ANFO samples were covered by up to 1 g of clean 

sandy soil #1, clean sand #4, and clean clay #5 (Merck, Table 1). The 
soil was used as received and placed on top of the ANFO samples without 
excessive packing. 

A custom-made sensor testing chamber was used to test the sensors at 
atmospheric pressure and room temperature (Fig. 1). A constant flow 
rate of 500 sccm was maintained using mass flow controllers (Alicat). 
The custom-made sensing chamber has 2 gas inlets and 1 gas outlet. Gas 
inlet A is used for N2 and mixtures of N2 and NH3 from gas cylinders. 
Inlet B has a T-shaped glass attachment that is used to hold liquid and 
solid samples such as the fertiliser, ANFO, and soil samples. N2 is used to 
carry vapours emitted by the fertiliser, ANFO, and/or soil sample held in 
the T-shaped attachment into the sensor testing chamber through gas 
inlet B. Between exposures the T-shaped attachment is cleaned and the 
fertiliser, ANFO, and/or soil sample is exchanged. Between exposures 
the continuous N2 flow through the sensor testing chamber is main-
tained by switching the N2 flow from gas inlet B to gas inlet A. The 
changes in the resistance of the sensor were monitored during exposure 
to the analytes by applying 1.0 V to the sensor and measuring the 
current. 

Results and discussion 

PPy percolation network sensors were fabricated and placed under 
N2 flow in the sensor testing chamber for 20 min to remove any impu-
rities. First, a control experiment was conducted by flowing the N2 
carrier gas through the empty T-shaped attachment. Next, 1 g of either 
clay, sandy soil, or sand was placed in the T-shaped attachment and the 
sensor was exposed to vapours emitted by the soil sample and carried 
into the chamber by N2 for 5 min. This was to ensure that the soil 
samples did not emit any vapours that cause a sensor response. Then, a 
series of 5 min exposures to either 1 g crushed fertiliser or 1 g ANFO, 
consisting of 0.94 g crushed fertiliser and 0.06 mL diesel, covered by 1 g, 
½ g, and ¼ g of soil were conducted. 1 g fertiliser or ANFO corresponds 
to a layer thickness of 12 mm, measured at the deepest point of the 
round bottomed sample holder. Sand or sandy soil layers of 1 g, ½ g, and 
¼ g correspond to a depth of 6 mm, 3 mm, and 1.5 mm respectively, 
whereas 1 g, ½ g, and ¼ g of clay correspond to a depth of 9 mm, 4.5 mm, 
and 2.25 mm respectively. It should be noted that while these quantities 
can be weighed to a high level of precision, the measured depths are 
approximate as a result of grain size, irregular surfaces, and mixing at 
the interface between the fertiliser and the soil. Each series of exposures 
was completed with an exposure to an AN(FO) sample without a soil 

Table 1 
Overview of soil types used and their composition, classification, and visual 
appearance. Clay particles are defined as being smaller than 3.9 μm, sand par-
ticles as larger than 62.5 μm, and silt as the intermediate between clay and sand 
[23].   

Clay Sand Silt Classification Visual appearance 

Sandy soil #1 3.3% 93.3%  3.3% Sand Granular 
Clean sand #4 1.0% 98%  1.0% Sand Granular 
Clean clay #5 95% 3.5%  1.5% Clay Fine powder  

Fig. 1. Schematic representation of the sensing chamber, showing gas inlets 
and outlet and the T-shaped attachment containing an ANFO sample covered by 
a layer of soil. (Adapted from Lefferts et al. [13]). 
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layer. The sensor was left to recover under N2 flow for 10 min between 
exposures (Fig. 2). The AN(FO) causes a reversible increase in resistance. 
Although ammonium nitrate itself is not volatile, it decomposes into 
NH3 and HNO3 [2,3]. NH3 is a strong electron donor and its interaction 
with p-type PPy causes a decrease in the majority charge carriers, 
increasing the resistance of the PPy network. This is in agreement with 
previous work [13]. Although previous work has shown that the sensor 
response to (AN)FO is not consistent with a sensor response to NO2 [13], 
for completeness future work should also test the sensor response to 
HNO3. 

AN(FO) samples buried under clay (Fig. 2A and 2B) result in an 
almost negligible sensor response for both 1 g, ½ g, and ¼ g of clay. This 
is perhaps surprising because ¼ g of soil results in a very thin layer and is 
barely enough to cover the entire AN(FO) sample. On the other hand, AN 
(FO) samples covered by sandy soil (Fig. 2C and 2D) and sand (Fig. 2E 

and 2F) caused a significant sensor response. For Fig. 2B, 2D, and 2F the 
step at the start of the first exposure, to just the soil, is due to a small 
amount of vapour still present in the tubes of the setup and does not 
result in a resistance increase for the rest of the 5 min duration of the 
exposure. The negative slope of the baseline in Fig. 2B is likely due to 
ongoing recovery of a previous exposure to a large vapour concentra-
tion. Although the sensor response is somewhat decreased with 
increasing thickness of the sandy soil or sand layer, all AN(FO) samples 
covered by sandy soil and sand were comfortably within the limit of 
detection of our sensors. The difference in sensor response for AN(FO) 
concealed by clay, sandy soil, and sand can be explained by the prop-
erties of the different soil types, and is consistent with literature on gas 
permeability of soil [16]. Clay is defined as consisting of particles 
smaller than 3.9 μm and sand as larger than 62.5 μm, with silt being the 
intermediate [23]. The small clay particles form a compact layer that is 

Fig. 2. Sensor responses to fertiliser and ANFO respectively, covered by clay (A and B), sandy soil (C and D), and sand (E and F). Each series of exposures consists of 5 
consecutive 5 min exposures to 1 g soil, 1 g fertiliser or ANFO covered by 1 g soil, 1 g fertiliser or ANFO covered by ½ g soil, 1 g fertiliser or ANFO covered by ¼ soil, 
and 1 g fertiliser or ANFO without soil layer. The sensor response is an increase in resistance and is reversed during the 10 min recovery time under N2 flow. Green 
indicates the start of an exposure to vapour emitted by the fertiliser, ANFO, and/or soil sample and red indicates the start of the recovery phase under N2 flow. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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not easily permeated by the vapour molecules emitted by the AN(FO) 
samples. The sand and sandy soil consist of larger particles and form a 
more porous layer, which is more permeable to the vapour molecules, 
resulting in a stronger sensor response. 

The measured sensor responses are caused by unknown quantities of 
vapour emitted by the fertiliser and ANFO samples. However, because 
the response is caused by NH3, one of the decomposition products of 
ammonium nitrate, the sensors can be calibrated based on known NH3 
concentrations obtained through dilution with N2 from a 10 ppm NH3 in 
N2 gas cylinder (BOC, UK). These calibrated sensors can then be used to 
determine the detected AN(FO) vapour concentration. For calibration, 
the sensors were exposed to 1–8 ppm NH3 in N2 for 5 min with a 15 min 
recovery time under N2. As expected, exposure to NH3 causes a rapid 
and reversible increase in resistance. Furthermore, higher concentra-
tions result in a larger sensor response (Fig. 3A). A linear fit based on 3 
exposures per concentration was used as the calibration curve (Fig. 3B). 
The percentage resistance change, ΔR/R0 × 100%, was calculated with 
respect to the R0 starting resistance at the start of each exposure. The 
calibration curve can also be used to calculate the limit of detection 
(LOD) of that particular sensor, defined as the gradient of the linear fit 
divided by 3 times the standard deviation of the baseline noise before 
the first exposure. The sensor shown in Fig. 3 has a limit of detection of 
73 ± 11 ppbv. Calibrating each sensor against known NH3 concentra-
tions also allows us to account for differences between individual 

sensors. These differences are inherent to sensors based on percolation 
networks. The large variations in the resistance caused by small varia-
tions in the network, even for sensors produced with the same param-
eters, are what give percolation network-based sensors their 
significantly improved sensitivity compared to more traditional thin 
film-based sensors. 

Series of exposures like those shown in Fig. 2 were repeated 3 times 
for each combination of soil and AN(FO). The raw sensor responses were 
converted to equivalent NH3 concentrations and the results are sum-
marised in Fig. 4. The average detected concentrations range from 71 ±
52 ppbv, close to the LOD of 73 ± 11 ppbv, for the AN(FO) samples 
covered by 0.25 – 1 g clay to 1.94 ± 0.08 ppm for the strongest response 
to fertiliser without a soil layer. Fig. 4 shows that the sensor response to 
AN(FO) covered by clay is negligible, whereas AN(FO) covered by both 
sandy soil and sand give clear sensor responses. The response to AN(FO) 
covered by sand is stronger than that covered by sandy soil, which is 
consistent with sand being more permeable to the vapour emitted by AN 
(FO). As shown in Table 1, sand contains a larger fraction of larger 
particles than sandy soil, resulting in a more porous soil layer. 
Furthermore, Fig. 4 shows that in all instances AN causes a larger sensor 
response than ANFO. This is likely due to the diesel wetting both the soil 
layer and the crushed fertiliser granules, thereby decreasing the gas 
permeability of both the ANFO sample and the soil layer [16]. Fig. 4 also 
shows that the unconcealed AN(FO) at the end of the series of exposures 
to samples covered with clay gives a slightly stronger response than 
those at the end of series of exposures covered with sandy soil and sand. 
This is likely due to the sensor being more fully recovered before the 
exposure because the samples covered by clay released a smaller 
quantity of vapour compared to the samples covered by sandy soil and 
sand. 

Conclusions 

Buried fertiliser and ANFO samples were detected at sub-ppm con-
centrations using chemiresistive gas sensors based on percolation net-
works of PPy. Concealment under a layer of sand or sandy soil only 
slightly decreases the recorded sensor signal. On the other hand, clay 
effectively blocks the emitted vapour, resulting in an almost negligible 
sensor response. The soil type has a much larger impact on the sensor 
signal than the soil layer thickness. 

It should be noted that due to safety considerations the fertiliser and 
ANFO samples were small and only weighed 1 g. In a real-life IED 
detection scenario the sample is likely to be at least 1 kg in mass and 
hence produce more vapour. However, the IED is also likely to be buried 
to a greater depth than in our study. How these factors affect each other 
will require further research in a dedicated secure environment. 
Furthermore, in future work environmental factors such as temperature, 
humidity, air instead of N2 carrier gas, and the presence of other vapours 
should be taken into account by using an electronic nose-type setup and 
by recalibrating the sensor for real-world conditions. 

Fig. 3. (A) Typical response of a PPy percolation 
network sensor to consecutive 5 min exposures of 8, 
6, 4, 2, and 1 ppm NH3. The sensor was left to recover 
under N2 flow for 15 min between NH3 exposures. 
Green indicates the start of a exposure to NH3 and red 
indicates the start of the recovery phase under N2 
flow. (B) Calibration plot based on 3 exposures per 
NH3 concentration. The error bars represent the 
standard deviation of the 3 exposures for each con-
centration. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 4. Sensor responses to buried fertiliser and ANFO sample expressed in ppm 
NH3 equivalent concentration. The AN(FO) samples were covered by 1, ½, and 
¼ g of clay, sandy soil, and sand. The results are averages of 3 measurements 
with freshly prepared samples and 2 different sensors. The error bars represent 
the standard deviation. Control experiments were conducted with an empty T- 
shaped sample holder. 
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