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Field-deployed surface plasmon resonance (SPR) sensor for RDX
guantification in environmental waters

Thibault Brulé®t, Genevieve Granger®t, Natalia Bukar °t, Clarisse Deschénes—Rancourtb, Thierry
Havard®, Andreea R. Schmitzer®, Richard Martel® and Jean-Francois Masson™

A field-deployable surface plasmon resonance (SPR) sensor is reported for the detection of energetic material (commonly
termed explosives) 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) at ppb concentration in environmental samples. The SPR
sensor was first validated in laboratory conditions with uncontaminated natural water samples spiked with known
concentrations of RDX near the EPA limit of 2 ppb, which was then applied to monitor environmental samples collected in
different downgradient wells near a grenade training range. The SPR sensor was finally tested on the field, where
environmental samples were analysed on location in less than 90 minutes per well, which included the time to setup the
equipment, sample the well and analyse the sample. The SPR analysis time was less than 45 minutes for equilibration,
recalibration and measuring the water sample. Results obtained with the SPR sensors were cross-validated with the
standard HPLC method (EPA method 8330B), showed good agreement with an accuracy within less than 1.6 ppb for
analysis at the sampling sites, and with relative standard deviation (RSD) better than 20 % for field and laboratory
measurements. The SPR sensor worked in a range of environmental conditions, including operation from about 0°C to
nearly 30°C. The instrument was easily deployed near the sampling site using motor vehicles in summer conditions (Lab-in-
a-Jeep) and using a sled in winter conditions (Lab-on-a-sled), showcasing the field deployability of the RDX SPR sensor and

the possibility of continuously monitoring RDX in the environment.

snow melt. RDX poses a significant challenge as it is poorly
retained by most soil composition and becomes readily
available in groundwater, which can also be used as drinking

involves handling and
water sources of the nearby populations. These sites should be

detonation of ammunition, which can impact the environment
with potential effects for the local population, fauna and flora.
In an effort to provide sustainable management of the training
sites, several military organisations have prioritized the
detection of energetic materials in ground and surface waters
to understand and minimize the impact of energetic material
residues in military activities. For example, recent
hydrogeological studies in several major Canadian military
training sites ! and several others across the world have shown
that grounds near firing positions and close to targets required
significant attention due to the large quantities of energetic
materials residues in some areas. The energetic materials can
be transported to ground and surface waters by rainfall and
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continuously monitored to ensure that contaminant levels do
not exceed applicable guidelines and criteria x5

The standard procedure to detect energetic materials in
environmental samples requires HPLC-UV analysis (EPA
method 8330b 6), a method homologated by the United States
Environmental Protection Agency (EPA). This analytical
procedure is relatively complex, lengthy and poorly suited for
monitoring environmental samples on site. The procedure
involves sampling, transport of the sample to the laboratory,
pre-concentration/extraction and instrumental analyses, all
performed in centralised laboratories. It is thus impossible to
have a rapid (less than 1 day) or continuous monitoring of
environmental contamination with energetic materials. New
analytical techniques adapted to the specific requirements of
environmental monitoring are thus needed for energetic
materials.

The development of sensors for energetic materials is
mostly targeting the detection of trinitrotoluene (TNT) and
often times for the standoff detection of the energetic
materials present in the gas phase. While this application is of
importance, the detection of RDX in water is of utmost
importance for environmental sensing due to its prevalence
and persistence. Electrochemistry 7, fluorescence 814 and a

J. Name., 2013, 00,1-3 | 1
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plasmonic technique relying on the aggregation of Au
nanoparticles > have been proposed to detect RDX in water
samples. However, the limits of detection achieved with most
of these sensing schemes did not meet the stringent
requirement of low ppb detection in environmental samples.
In fact, the EPA established the threshold concentration of 2
ppb in natural water, thus methods applied for environmental
monitoring should have detection limits significantly better
than this concentration.

While surface plasmon resonance (SPR) sensing has been
overwhelmingly applied for biological applications 16, it has
been also applied to environmental monitoring of
contaminants on several occasions, such as for the detection
of a series of organic contaminants and heavy metals 1718 |
addition to the classical prism-based SPR sensing, colorimetric
sensors based on localized surface plasmon resonance (LSPR)
are increasingly reported for environmental applications 19,20
SPR sensors have been reported to meet this requirement for
RDX monitoring in water with sub-ppb limits of detection,
using sensing schemes based on competitive sensing involving
an antibody ! and based on a molecularly imprinted polymer
(MIP) 2 The MIP-based sensing scheme is especially attractive
for environmental sensing technologies due to the stability of
MIPs in environmental conditions and to the simplicity of the
sensing scheme. For these reasons, we have selected a RDX-
selective MIP based on a previously reported bisaniline
polymer crosslinked with Au nanoparticles (Au NP) and
templated with Kemp’s acid 2 n addition, SPR and LSPR
sensing are especially advantageous in environmental
applications due to the possibility of deploying the instrument
to the site of sample collection with portable instruments.

Several portable SPR systems have been reported based on
different configurations 2330 Despite the availability of
portable SPR systems since nearly 20 years, SPR sensing has
been rarely used in field conditions and nearly all studies are
still conducted in the laboratory. The detection of proteins
using an airborne SPR instrument mounted on an aircraft is
one of the only example reported to date using a field-
deployed SPR instrument in the environment 3 Therefore,
efforts must be devoted to the development and the
application of SPR sensing platform with demonstrated
performance in actual field sampling conditions.

Thus, we report on a fast and portable SPR sensor for
energetic materials detection in water, which was actually
used in field conditions for environmental monitoring of RDX.
The SPR instrument is based on a small, portable, and USB-
powered design reported previously 3 and on a SPR sensor
modified with a MIP selective for RDX *%. This SPR sensor was
calibrated in natural water and tested on site with
environmental samples collected near a grenade range from a
local military base. This constitutes to the best of our
knowledge the first report where a SPR sensor has been tested
in environmental conditions and cross-validated with an
homologated EPA method (EPA method 8330b).

Experimental

2| J. Name., 2012, 00, 1-3
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SPR analysis.

The SPR measurements were performed with a portable
P4-SPR from Affinité Instruments. This device is lightweight
(<1.5 kg), compact (175 mm x 155 mm x 55 mm) and portable
on the field. It uses a small SPR chips (20 mm x 12 mm x 3 mm)
and fluidic cell comprised of three sensing channels and a
reference channel. Thus, all samples were measured in
triplicate. The noise level of the SPR measurements is on the
order to 0.01 nm, similar to the standard value reported by
Homola 2. Thus, SPR shifts of 0.1 nm or less can be measured
with this system. The chips were functionalised with a MIP
selective for RDX adapted from a previously published
procedure 22, as detailed below. The SPR sensors were tested
with known concentrations ranging from 1 pM to 50 nM by
flowing the different concentrations sequentially on the SPR
sensor at 1 mL/min using a peristaltic pump. The standards
were prepared in natural water collected from an
uncontaminated well located upgradient of the sampling site.
For field analysis, the SPR sensor was calibrated with standards
from 1 to 50 nM, a range overlapping with the EPA limit and
the expected concentration in the natural samples. The
response from each sensor was normalized with the response
from a 10 nM RDX standard. The influence of temperature on
the sensitivity of the calibration curve was measured in the
laboratory from 2°C to 36°C.

SPR sensor for RDX.
Au nanoparticle synthesis and functionalisation

Small 3-5 nm Au NP were synthesized with 10 mL ethanolic
solution with 197 mg of HAuCl,, which was added to 5 mL of a
methanol solution with 42 mg of mercaptoethane sulfonate
and 8 mg of p-aminothiophenol. The solution was stirred with
2.5 mL of glacial acetic acid in an ice bath for 1 hour. 7.5 mL of
an aqueous NaBH, solution was then added dropwise and
stirred an additional hour in an ice bath and then 14 hours at
room temperature. The functionalized Au nanoparticles were
then centrifuged and washed twice in methanol, ethanol,
diethyl ether. At the end, diethyl ether was evaporated and
the functionalized AuNPs were stored as a solid. The
functionalized AuNPs were resuspended in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer before for the
electropolymerization.
Functionalisation of the SPR chips with the MIP

The SPR chips were reacted 24 hours with a 50 mM p-
aminothiophenol solution in ethanol. An electropolymerization
solution was prepared with 1 mg/mL of functionalized AuNPs
and 5.6 mg/mL Kemp’s acid (as template) in 0.1 M HEPES at pH
7.2, with a freshly prepared HEPES. Electropolymerization was
carried with the following setup: counter electrode: Platinum
mesh, washed before use (1. Cycle from -810 mV to 2000 mV
to -810 mV in 0.5 M H,SO, once. 2.Cycle >10 times from -610
mV to 1000 mV to -610mV in 0.5 M H,SO, at 50 mV/min), the
working electrode was the SPR chip electrically connected with
a copper tape, and a silver wire reference electrode. A custom
made Teflon electrochemical cell was designed to host the SPR
prism and the electrodes (Figure S1). The
electropolymerization solution was then bubbled with

This journal is © The Royal Society of Chemistry 20xx
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nitrogen for 10 minutes, in a vial wrapped in aluminum foil.
The platinum mesh was then positioned as close as possible to
the SPR chip (about 3 mm) and the electropolymerization
solution was added thereafter. Electropolymerization was
carried with 10 cycles between -0.35 and 0.8 V vs the Ag quasi-
reference electrode at a scan rate of 100 mV/s, followed by a
potentiostatic step at 0.8 V for 30 min. The SPR chips were
then washed with water. Finally, the template molecule was
extracted by washing the SPR chip in HEPES for 2 hours at
40°C, then overnight in a fresh HEPES solution at room
temperature. This procedure was repeated a second time.

Characterisation of the MIP on the SPR chip

The SPR sensor modified with the MIP was subjected to a
series of surface measurement for the characterisation of the
MIP. Ellipsometric measurements were conducted with a M-
2000V from J.A. Woollam Co. Scanning electron microscopy
(SEM) images were acquired with a JEOL 7400F instrument and
transmission electron microscopy (TEM) images were acquired
with a FEI Tecnai T12 microscope available at the Université de
Montréal. An indium tin oxide (ITO) glass slide was modified
with the MIP following the same procedure as for the SPR
sensor and was subjected to dark-field imaging using darkfield
microscopy equipped with hyperspectral imaging. Optical and
hyperspectral images, and data were captured using a
research grade optical microscope (Olympus BX43) equipped
with an advanced darkfield illumination system with
integrated hyperspectral analysis (CytoViva). An Andor iXon3
camera was used in order to acquire images of 512 by 512
pixels. Spatial and spectral data (wavelengths between 400
and 1000 nm) were collected with a 100x objective, resulting
in a pixel size of approximately a few hundred nanometers.
Similarly, a gold-coated nanodisk array was modified with the
Kemp’s acid templated MIP and atomic force microscopy
(AFM, Witec) images were acquired in contact mode to
estimate the thickness of the MIP coating.

Field analysis of RDX.

for approximately 2 hours on the battery of the laptop.

Water was sampled from wells using a peristaltic pump.
The flow rate of the sampling pump exceeded the flow rate
necessary for the SPR system, thus the sampling pump outlet
and the inlet of the peristaltic pump for the SPR system were
placed in a spill beaker.

Natural water samples were also collected in amber glass
bottles and brought back to the laboratory for analysis with
the EPA method 8330b and with SPR for duplicate analysis.
Although bisulfite was investigated as a stabilizing agent for
samples brought back to the lab, we opted out of this option
to maintain the samples in natural conditions even for
laboratory analysis. Uncontaminated natural water was also
collected in an upstream well, which was used to dilute RDX
standards.

Sampling location and conditions

The samples were collected near the impact area of a
grenade shooting range. The site’s topography is relatively flat.
The ground surface is constituted of light-brown colored sand
on its deforested part, except the area of impact where the
sand is dark brown to black color. The ground surface in the
wooded area is covered with organic matter. Three
contaminated wells were analysed downgradient from the
range. Based on previous measurements and localisations,
these wells are respectively an uncontaminated (control well),
the most contaminated and a lower contaminated well.
Different sampling campaigns
conducted at different times between April and September
2016. An early Spring campaign was conducted in wintery
conditions with approximately 0°C to 6°C with snow-covered
ground and rain

and measurement were

HPLC analysis

HPLC analysis of RDX-contaminated natural water was
performed at the Institut National de la Recherche Scientifique
(INRS) Centre water, earth and environment Ilaboratory
located in Quebec City. The samples were analysed according

Field experiments were conducted with minimal to EPA method 8330b.

40 infrastructure. A tent or a trailer served as protection of the
41 equipment against environmental conditions such as snow or
42 rain, in which a table and mat were installed for the SPR Results and discussion
43 system and the laptop. A generator was available for electricity Spatial and temporal variations of the concentration of
jg in longer days of sampling, although the SPR system could run  gnyironmental contaminants can occur rendering extensive
46 al Profile
47
48
49
50
51
52
53
54 2% :
55 xe;g' e
56 . . . . - .

Figure 1. Characterisation of the MIP for RDX on the SPR sensor. Left) SEM image acquired at 8,500X magnification of the MIP on the SPR sensor, with a
57 thin Au overcoat. Centre) Dark-field image at the edge of the MIP on an ITO slide. No MIP was on the left side of the image, while the right side was
gg modified with MIP. The orange dots correspond to the Au NP. Right) Spectral profile of the dark-field image on the ITO slide modified with the MIP.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. SPR sensorgram for the calibration of the sensor for RDX using manual injections (no flow, left panel) and using a peristaltic pump at 1 mL/min

(right)

sampling necessary for monitoring underground water. For
example, spatial variations in a single sampling site can be due
to different topography, geology, soil types, drainage, flow
direction, and anthropogenic processes 3, Temporal variations
can be caused by seasonal changes and weather conditions. In
the case of energetic material contamination, military across
the globe started sampling for energetic material in water
sources nearby their facilities to ensure compliance to
environmental regulation and for the safe and sustainable use
of the land. A portable SPR sensor was thus adapted to meet
these needs.

Characterisation of the RDX MIP on the SPR chip

The several steps involved in the formation of the MIP on
the SPR sensor were subjected to optimization. The ratio of 4-
aminothiophenol and mercaptoethane sulfonate was varied
for the synthesis of the Au NP with the optimal ratio reported
in the experimental procedure. The one-pot synthesis of the
Au NP also proved to be optimal, with the trials for
synthesizing the Au NP in a first step and subsequent
functionalisation with 4-aminothiophenol and
mercaptoethane sulfonate were not satisfactory. A series of
TEM images demonstrated the relatively monodisperse size of
the Au NP (Figure S2), but revealed that different shapes of Au
NP resulted from this synthesis.

The gold film of the SPR sensor had to be pre-
functionalised with 4-aminothiophenol to allow formation of
the MIP. Electropolymerization had to be conducted on a
freshly prepared SPR sensor modified with 4-aminothiophenol,
but then could be stored for extended periods of time. The
concentration of the template molecule (Kemp’s acid) in the
electropolymerization solution was optimal between 4 and 8
mg/mL (Figure S3) and a final concentration of 5.6 mg/mL was
used for in the optimal process. To ensure reproducible
response for RDX with the SPR sensor, the following
precautions were taken for the electropolymerization step: 1)
the HEPES solution was freshly prepared, 2) the

4| J. Name., 2012, 00, 1-3

electropolymerization solution was bubbled with nitrogen for
10 minutes before polymerization, 3) the solution was
unstirred during the electropolymerization process, 4) the
positioning of the counter electrode had to be relatively close
to the SPR prism (about 3 mm) and 5) we used the Teflon cell
of Figure S1. The extraction of the template molecule was
optimized as specified in the protocol and the removal of the
template was confirmed from the disappearance of Kemp’s
acid from the extraction solution as measured with HPLC.

The formation of the MIP on the SPR sensor was
characterised with several techniques. SEM images showed
the presence of a homogeneous and porous films on the
surface of the SPR sensor (Figure 1). The thickness of this film
was evaluated with several techniques. Ellipsometric
measurements were conducted directly on the functionalized
SPR sensor and the thickness was evaluated at 5 nm. AFM
images were acquired on the SPR sensor, but the thickness of
the film could not be extracted. Therefore, the
electropolymerization reaction was carried on a gold-coated
nanodisk array (Figure S4), prepared as detailed elsewhere 34
The analysis of the cross-sections of the AFM images
suggested a MIP height difference of about 3 nm before
exposition to RDX and a significantly larger height difference of
9 nm after exposition to RDX. This result is in agreement with
ellipsometry that the MIP film is sub-10 nm. Finally, the
presence of Au NP in the MIP film was revealed from dark-field
images collected in transmission configuration (Figure 1). In
that case, the MIP was grown on a transparent ITO slide, using
the same process as for the SPR prism. An image was collected
at the edge of the MIP, where a high density of Au NP was
observed on the MIP and only a few scattered Au NP could be
seen on the region where no MIP was grown. The spectral
analysis of the dark-field data revealed a maximum resonance
around 620 nm, in agreement with a dense film of Au NP.
These experiments clearly showed the presence of the MIP
film and of the Au NP on the SPR sensor.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Left) Response of the RDX sensor in the pM to nM range normalized to 10 nM showing the plateau in response in the pM range. Right)
Calibration curve for RDX in the environmentally relevant range. The SPR response was normalized to 10 nM. The error bars represent one standard

deviation on a triplicate measurement (n = 3).

Calibration of the SPR sensor for RDX
The sensor was then calibrated in the laboratory with
aqueous solution of RDX. Manual injections and continuous

concentration with the SPR sensor (Figure S6). Therefore, the
selectivity of the sensor was suited for our field campaigns.
Environmental conditions encountered during field

flowing of the RDX solution with a peristaltic pump at 1 campaigns can change significantly. SPR sensing being
mL/min flow rate were evaluated (Figure 2). In both cases, the sensitive to temperature, we calibrated the instrument for RDX
SPR response was relatively equivalent within the same in laboratory conditions at different temperatures. The
dynamic range and with similar sensitivities. The main instrument remained at room temperature for these

difference resided in the stability of the baseline, far superior
with the use of a peristaltic pump. The reaction rate was
higher (no isotherm was observed) for the manual injection,
which could be due to the faster exchange of the solution in
the fluidic cell than with the peristaltic pump. We observed
two dynamic ranges with high sensitivity. A first range covered
the concentrations comprised between 1 fM and 500 fM,
where the response followed a Langmuir isotherm (Figure S5).
The detection limit was about 10 fM with our SPR sensor. The
sensor was relatively insensitive in the pM range and was once

measurements, while the samples were stabilized at different
temperatures. The response of the SPR sensor was subtracted
to pure water measured at the same temperature and is
reported in Table 1. The response of the RDX sensor was larger
at lower temperatures by a factor of nearly 5 for 1 pM RDX
and by a factor of 2.5 for 10 nM RDX. The sensitivity was also
compared for the concentration range of 1 pM to 1 uM using
once again signal normalisation with the response for 10 nM
RDX. The normalized sensitivity was about twice lower at 2°C
than for 36°C, indicating that calibration should be adjusted for

@8 again very sensitive in the 1 to 50 nM range. The dose- different temperatures if a calibration over several orders of
§9 response profile is in agreement with a dual binding site with magnitude is used. However, using a 10 nM normalization
40 fM and nM dissociation constant. While the fM range is concentration minimizes the drift for the 1 to 50 nM range
41 impressive, the concentration of RDX in contaminated wells used for the analysis of the environmental samples, as the
42 should be in the low nM range, as the 2 ppb limit set by the response drifted mostly at very low concentration (Figure S7).
corresponds to nM. Therefore, the calibration of the
43 EPA d 10 nM. Theref he calibration of th
44 sensor was performed in the nM range. These analytical On site measurement of the RDX concentration with SPR
45 figures compared well to other RDX sensors. For example, sensing
46 fluorescent sensors were able to detect 15 ppb (75 nM) 8 in The wells located upgradient of the range were not
47 the mM range 13 and3 pM ° electrochemical sensors detected contaminated with RDX and served for the optimization of the
120 ppb (600 NnM) 7 and other SPR sensors detected 12 fM 2> sensor by spiking this uncontaminated water with known
48
49 and 0.04 ppb (0.2 nM) 2 Lastly, we have evaluated the use of
50 a normalized calibration curve, to mitigate any potential Table 1. Temperature influence on the sensitivity and SPR
51 fluctuation of the absolute response from different lots of the response for RDX in natural water.
SPR sensors. We found optimal to use a 10 nM RDX standard
52 P
53 to normalize the response of the different sensors and 'I;emperature Norn'1'ali'zed SPRshift 1pM  SPR shift 10 nM
54 calibrated the SPR sensor in the environmentally-relevant (zc) ;egg':';'tgl (1n2;>)+011 (zn_:,nlog
55 range of 1-50 nM (Figure 3). Lastly, we verified that TNT, 20 0.087+0.004 | 1.09+0.18 PP
56 another common energetic material that could be found near 36 0134002 0354016 0.99+ 018
57 most range training areas, did not yield a SPR response at high
58
59

2]
o
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concentrations of RDX. It also served for establishing a
baseline for the SPR measurements of natural waters.

The SPR system was installed in a temporary shelter (tent,
trailer or the tailgate of a SUV) near the wells sampled and the
water from the wells was collected using a standard procedure
referred to low flow >>. The SPR system was powered from the
laptop computer, which could run independently with its
battery (for about 90 to 120 minutes) or powered from a
generator deployed to the field. The SPR instrument was
tested in different seasons and in different conditions ranging
from nearly freezing temperatures and snow-covered grounds
to hot summer days for Canada of nearly 30°C (Figure S8).
Remote wells were accessed by trekking and carrying
equipment on a sled in winter conditions (Lab-on-a-sled) or by
off-road driving of the SUV in summer conditions (Lab-in-a-
Jeep).

As a first step, comparative
performed on groundwater of a contaminated well and an

measurements were

1.0
10 nM RDX
/EN 0.8
c
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e
<
w0 0.4
o
o
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Page 6 of 8

View Article Online
DOI: 10.1039/C7ANO0216E

Journal Name

uncontaminated well to assess the capacity of the RDX sensor
to discriminate the presence of RDX in natural water and in
environmental conditions (Figure 4). Deionised water was first
injected to equilibrate the system and record a baseline.
Uncontaminated water was then injected for about 10
minutes. A small increase of the baseline was due to the
refractive index mismatch between natural water and pure
water. Natural water contained dissolved salts and organic
matter that slightly increased the refractive index. Otherwise,
the SPR response in uncontaminated natural water was
relatively flat and comparable to the reference channel. The
injection of contaminated water from the well labelled G1-1-
5m located closest to the detonation area of the training range
led to a strong SPR response. Finally, a 10 nM RDX standard
was injected for recalibration. These results clearly show that
SPR sensing is sensitive enough for monitoring RDX in
contaminated natural water measured directly on site.

10 nM RDX

o

water
Natural water:
Contaminated

SPR Shift (nm)

water Natural water:
Uncontaminate:

0 500 1000 1500 2000 2500 3000
Time (s)

Figure 4. Left) SPR sensorgram for an uncontaminated well and a 10 nM RDX calibration point. Right) SPR sensorgram for a highly contaminated well with RDX.

Uncontaminated natural water did not yield any signal. Results acquired in April 2016.

Column 2:
Valcatier sand

o 4
) ©

SPR shift (nm)

0.2

0 5 10 15 20 25

Time (h)

Figure 5. Left) Photograph of the setup for continuously monitoring RDX in effluents of sand columns. Right) SPR sensorgram showing the stable
response of the system for more than 1 day, at different concentrations of RDX. The slow response was due to the low flow rate applied to the sand

columns, to mimick hydrogeological conditions.
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Table 2. Comparative study of the SPR method and the EPA method
8330b with different wells sampled on site*, concentrations reported in
ppb

Comparison of the SPR and EPA method 8330b method
Finally, we sampled a small set of wells to compare the SPR

results with the current standard method using HPLC analysis

(EPA method 8330b). The wells were located downgradient at

Method Well 1 Well 2 Well 3
EPA 8330b** } 5.8 3.8 1.9 different distances from the detonation area of the training
SPR on site } 6.2+1.2 2.2+0.1 1.8+0.3 facility. The samples were immediately analysed on site with
SPR laboratory | 4.5+0 3.0+04 1.8£0.2 the SPR sensor and samples were brought back to the

* Conditions: Late summer, 27 to 29°C, dew point below 14°C
** EPA method 8330b has a 1-3% RSD

The total time from arrival on site to the completion of the
SPR measurement required about 60 to 90 minutes per well,
which included the time to flush and sample the well, to setup
the equipment, to perform the equilibration of the SPR
instrument with pure water and uncontaminated water,
measure the sample and recalibrate the sensor. This
procedure is significantly faster than the current HPLC method
of the EPA, which require the sample to be brought back to the
centralised laboratory. Hence, the EPA method is not nearly as
suited as the SPR method for frequent monitoring of
environmental samples.

To test the possibility of continuously monitoring on-site
energetic material in natural water, we developed a laboratory
experiment mimicking the conditions found in the
environment. A Teflon/glass (35 mm ID and 100 mm long)
column was packed with natural uncontaminated sand found
on a range training area site and different concentrations of
RDX were sequentially pumped through the sand column and
separated with DI water steps. RDX does not significantly
adsorb on this sand and was thus available for detection in
SPR. The flow rate was adjusted to loosely match natural flow
rate in the sand aquifer (250 m/yr) and to be compatible with
the SPR system. The SPR signal was monitored consecutively
for at least 1 day and a dose-response was clearly seen for the
different concentrations of RDX (Figure 5). The SPR signal was

laboratory for HPLC analysis and for a second SPR analysis
under laboratory conditions. The SPR results were in excellent
agreement with the EPA method (Table 2). The concentration
was accurate within 1.6 ppb for the on site and the laboratory
measurements. The reproducibility of the SPR measurements
were better than 20% RSD on site and in the laboratory.
Hence, the SPR method was in agreement with the results
provided by the EPA method, with the advantage of being
deployed on site, being faster and offering the possibility of
continuous monitoring.

Conclusions

The characterisation and validation of a SPR sensor for
monitoring RDX concentration at environmentally-relevant
concentrations is reported. The sensor was deployed on the
field for monitoring RDX contamination in groundwater of
several wells nearby a grenade training range of a military
base. The response measured on the field was in excellent
agreement with the standard EPA method 8330b measured
independently. The SPR sensor was deployed in wintery and
summer conditions with success. The sensor was also tested
for continuous monitoring using environmental condition
recreated in the laboratory and the RDX concentration of the
effluent could be monitored for at least 1 day. This article
clearly demonstrates the potential of portable and field-
deployed SPR sensing for environmental sensing.
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