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Abstract 

 Current detection of organophosphate pesticides in residential settings involves 

taking swipe samples at locations of potential contamination and conducting lab analysis.  

This method provides results that are applicable only to the points where samples were 

taken.  A standoff detection method utilizing hyperspectral imaging would allow for 

analysis of a larger area without the need for lab analysis.  This report demonstrates a 

proof of concept experiment that shows the applicability of hyperspectral imaging for the 

detection of organophosphates.  The differences in detection on reflective and non-

reflective surfaces are also explored.  To the author’s knowledge, this research is the first 

to use the Telops longwave infrared hyperspectral imager to positively identify and locate 

dimethyl methylphosphonate on both reflective and non-reflective surfaces.  
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HYPERSPECTRAL IMAGERY FOR LARGE AREA SURVEY OF 

ORGANOPHOSPHATE PESTICIDES 

 

I.  Introduction 

General Issue 

Organophosphate (OP) pesticides are commonly used to eliminate or control 

insect infestations.  However, over-application in residential settings, in some cases, has 

led to unhealthy living conditions.  In particular, it has been identified that some 

companies, while treating bedbug infestations, have contaminated the living space of 

their clients.  The current sampling methods applied rely on swipe sampling.  This 

method is only effective if swipes are taken in a contaminated area, which makes it 

difficult to identify all contaminated surfaces.  A standoff detection method would allow 

large area screening for OP chemical contamination and identify specific areas where 

decontamination is required. 

Problem Statement 

Current sampling techniques for OP pesticides in residential settings rely on 

swipe sampling and lab analysis.  Swipe samples are a proven method, but they only give 

results from the exact area the swipe was taken.  A screening technique that covers a 

wide area would be of great benefit to ensuring decontamination is conducted on all 

surfaces that require it. 



2 

Research Questions 

1. Can hyperspectral imaging be used to detect organophosphate pesticides on a 

surface in a lab setting? 

2. What, if any, illumination technique will be required to detect organophosphate 

pesticides? 

3. Can organophosphate pesticides be detected on various building materials in a lab 

setting? 

4. What is the limit of detection when using hyperspectral imaging to detect 

organophosphate pesticides on various building materials? 

5. Can hyperspectral imaging be used to quantitate contamination levels of 

organophosphate pesticides on building materials? 

Research Focus 

This research will focus on the detection of dimethyl methylphosphonate 

(DMMP).  The materials used for this study are stainless steel and formica laminate.  

These materials represent both reflective and non-reflective surfaces.  The data collected 

will be analyzed to determine if quantification of surface contamination is possible. 

Methodology 

As a proof of concept, a representative OP will be chosen and applied to both a 

stainless steel and Formica laminate surface.  These surfaces effectively represent both 

reflective and non-reflective materials.  A blackbody source will be used to illuminate the 

surface and the longwave infrared (LWIR) Telops camera will be set up at the specular 

angle to collect a hyperspectral image of the surface.   
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Once the data has been collected, the data cubes for each scene will be averaged 

and calibrated using the internal blackbodies on the Telops.  Further data analysis 

includes averaging the spectra over the contaminated area of the surface and comparing 

the spectra for each concentration, as well as comparing the spectra over each image to a 

representative spectrum of the chemical used to positively identify where contamination 

exists in each image. 

Assumptions/Limitations 

There were various limitations and assumptions made in the course of this 

research.  Some of these were due to the nature of conducting experiments in the lab.  

Others arose from the need to limit the scope of the research to make the data collection 

and analysis process practical for the purposes of proving the concept.   

The intended application of this research is to conduct a large area screening for 

OP chemical contamination of surfaces inside a residential building.  Due to limited 

space in the protective lab hoods, analysis was only conducted on small samples.  This 

necessitated the use of optics and placing the Telops imager close to the samples to fill as 

much of the field of view as possible.   

It was also deemed necessary to limit the analysis to one OP chemical.  There are 

too many OP chemicals to practically test all of them.  This decision was arrived at due to 

limited availability of equipment and the time necessary to collect data for different 

concentrations applied.  All OP chemicals contain spectral features in the LWIR range.  

The methods used in this research relies on using the spectrum for this specific chemical 
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in identifying where contamination is present.  Therefore, the method would need to be 

adjusted to make it applicable to a wide range of OP candidates. 

The chemical applied in the lab setting was in a pure form, without the additives 

present in commercial pesticide products.  Because of this, in a real-world application, 

there may be interferences from other chemicals present.  The more volatile nature of 

these additives may lessen this effect, but was not explored in the course of this research. 

Implications 

This research would provide a proof of concept for the ability to detect and/or 

quantify OP chemical contamination on a surface using the Telops LWIR hyperspectral 

imaging camera.  It would show the applicability of the technique for detection on both 

reflective and non-reflective surfaces.   

Preview 

It will be shown that it is possible to identify spectral features OP chemicals in the 

LWIR region using the Telops hyperspectral imager.  This was successfully done on both 

reflective and non-reflective surfaces.  A method will be shown that allows one to 

identify where on the surface contamination exists. 
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II. Literature Review 

Chapter Overview 

The purpose of this chapter is to lay a foundation that the research is built upon.  

The review includes information on why this research is important from a human health 

perspective.  The background and current uses of the technology used in this research 

will be discussed.  The current sampling techniques this proof of concept is meant to 

improve upon will also be presented.   

Relevant Research 

Organophosphates are esters of phosphoric acid that are widely used as 

herbicides, insecticides and chemical warfare agents.  As a pesticide, they are primarily 

used in agriculture, but in some cases, are used in residential and industrial applications 

(Munoz-Quezada et al., 2013).  Organophosphates are effective at eliminating certain 

insects, but they are also highly toxic to mammals, to include humans.  Where there is 

little control of the use of organophosphate pesticides, such as in developing countries, 

there are many overexposures to organophosphates.  There are an estimated 3 million 

organophosphate pesticide poisonings worldwide each year (Carey et al., 2013).  

Developing easy to use detection methods for organophosphates is therefore a very 

important and worthwhile endeavor. 

At high enough exposures to organophosphates, humans may experience acute 

toxic effects.  These effects are due to the inhibition of the acetylcholinesterase (AchE) 

enzyme.  This leads to overstimulation as acetylcholine (Ach) accumulates in the 

cholinergic brain synapses.  The symptoms of acute exposure include salivation, nausea, 
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vomiting, lacrimation, respiratory depression, seizures, and death (Carey et al., 2013; 

Munoz-Quezada et al., 2013).  Exposure may occur from inhalation, dermal absorption, 

or ingestion.  The binding to acetylcholinesterase is irreversible and chronic exposure to 

even low concentrations of organophosphates can lead to illness and possible death (Fu et 

al., 2012). 

In addition to the acute effects of organophosphate exposure, research has been 

done to study the developmental effects exposure may have on children.  A review of 

epidemiological studies showed that in 26 of 27 studies, exposure to organophosphate 

pesticides was a risk to neurodevelopment, especially for prenatal exposure (Munoz-

Quezada et al., 2013).    

Studies have been conducted in residential settings to determine the extent of 

pesticide contamination in the average home.  In one study, 27 different pesticides were 

sampled for.  These included three OP pesticides (chlorpyrifos, diazinon and malathion).  

Samples were taken on the floor and the 95
th

 percentile concentrations were 0.70ng/cm
2
 

for chlorpyrifos, 0.15ng/cm
2
 for diazinon, and 0.05ng/cm

2
 for malathion.  The maximum 

detected concentrations were 135ng/cm
2
 for chlorpyrifos, 1.1ng/cm

2
 for diazinon, and 

4.1ng/cm
2
 for malathion (Stout et al., 2009.   

Fourier transform infrared (FTIR) spectroscopy is a well-established method for 

chemical identification.  In FTIR spectroscopy, a sample spectrum can be compared to a 

reference spectrum to determine if the sampled chemical is the same as the reference.  

Problems arise when attempting to use FTIR spectroscopy to detect mixtures or when 

water is present.  However, in most cases FTIR spectroscopy is a powerful tool that 

provides fast data collection and results with high sensitivity (Smith, 2011).   
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The chemical bonds between atoms in a compound can be thought of as a sort of 

spring.  These bonds allow for vibrations within the molecule.  Vibrations can occur from 

either stretching or bending of the bond.  These modes of vibration have corresponding 

frequencies which they can absorb.  When the molecule is exposed to infrared radiation, 

the energy of these frequencies are absorbed.  This is what created the unique spectral 

signatures for each compound (Stuart, 1996).   

Hyperspectral imaging is a stand-off detection method involving spatial imaging 

and spectral analysis.  Advantages of hyperspectral imaging are that it allows detection 

without making contact and risking contamination or destruction of the contaminated 

medium.  It has been used in the fields of food safety and quality, pharmaceuticals, and 

medical diagnostics and has potential for non-contact forensic analysis.  Hyperspectral 

imaging can be used for various parts of the electromagnetic spectrum (e.g. ultraviolet, 

visible, and infrared) (Edelmen et al., 2012).  Because of this, the technique has a wide 

range of possible applications.  The data collected through hyperspectral imaging is in the 

form of 3-D hyperspectral cubes.  The image dimensions consist of the 2-D spatial image 

and the wavelength associated with each pixel (Qin et al., 2013).   

Hyperspectral imaging requires a light source to collect the spectral images.  This 

can be accomplished through illumination or excitation of the target area.  The most 

common illumination sources are halogen lights.  Lasers have been used as an excitation 

source for fluorescence and Raman imaging (Qin et al., 2013).   

OP detection methods that have been proved to be reliable with high sensitivity 

include gas chromatography, liquid chromatography, and mass spectroscopy.  While 

highly effective, these methods require specialized equipment, trained personnel, and are 
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time consuming (Dutta and Puzari, 2013; Liu et al., 2008).  Because of this, these 

methods are generally not feasible in the field when large numbers of samples or real-

time monitoring are required.    

Enzyme based biosensors using inhibition of cholinesterase, immunoassays, and 

organophosphorus hydrolase have been studied and have been found to be effective in 

detecting organophosphate vapors and particulates.  Cholinesterase-based biosensors are 

highly sensitive and have lower detection limits.  However, they have poor selectivity, 

are one-use detectors, and require a multi-step process.  Organophosphorus-hydrolase-

based biosensors have potential as continuous environmental detectors (Lee et al., 2009; 

Liu et al., 2008;Luckarift et al., 2007; White and Harmon, 2004).  Immunoassays are 

selective, sensitive and have a low cost but also have only one use.   

Advances have been made in nanotechnology for the detection of chemicals 

including organophosphates.   Carbon nanotube electrodes have shown to be promising in 

their ability to detect OP chemicals in a liquid medium (Musameh et al, 2012).  Initial 

research into nanoparticle-based enzyme biosensors has shown the method to be possible 

(Simonian et al., 2004).  Nanotechnology has the potential for the development of 

handheld, real-time, and accurate OP detectors (Goltz et al., 2011).   

An overall drawback to the developed detection methods for OP chemicals is the 

need to either capture it in aerosol form or know where to take environmental samples.  

Because of this, they may be ineffective in determining residual concentrations after 

contamination has occurred.  A rapid, standoff method of detection, which could cover 

large surface areas would be advantageous for detecting residual contamination. 
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Summary 

FTIR spectroscopy is a powerful tool for the detection of chemicals.  However, 

most applications of this technology are limited to individual samples collected from a 

scene or detection at a discreet location.  The Telops camera combines the power of FTIR 

spectroscopy with the ability to spatially interpret the results.  This shows promise in 

improving field detection methods for contaminated surfaces. 
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III.  Methodology 

Chapter Overview 

The purpose of this chapter is to describe the methods used for data acquisition 

and analysis.  Some trial data collection methods led to the method to be discussed in this 

chapter.  An initial attempt at passive sampling, with malathion applied to a floor tile, 

showed no spectral change.  Another method analyzing OP chemicals absorbed into 

cardboard showed an ability to spatially differentiate between differing spectra, but the 

representative spectral features of OP chemicals were not present after analysis of the 

data.  Further details on the trial methods are shown in Appendix A.  Finally, data 

collection was performed using active illumination on two non-absorptive materials: 

stainless steel and formica laminate.  These materials effectively represent reflective and 

non-reflective surfaces.  Absorption spectra were collected for various OP chemicals on 

both materials using a Bomem MB FTIR spectrometer.  From these results, a 

representative chemical was selected for data collection using the Telops hyperspectral 

imager. 

Equipment and Materials 

The Telops LWIR hyperspectral imager utilizes a Michelson interferometer, 

creating an interferogram for each pixel of the scene.  A Michelson interferometer 

consists of two perpendicular mirrors, where one of them oscillates a distance, δ.  A 

beamsplitter is located in the path of both mirrors.  With an ideal beamsplitter, 50% of the 

radiation passed into it will be transmitted to each mirror.  The two resulting beams are 

reflected back to the beamsplitter, where they combine and interfere with each other.  He 
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resulting beam emerging from the interferometer is detected by the sensor.  Figure 1 

shows the layout of a Michelson interferometer (Stuart, 1996).   

 

Figure 1 - Michelson Interferometer 

To positively identify DMMP in the samples, the spectra obtained must be 

compared to a reference spectra for DMMP.  Figure 2 shows a reference spectra as well 

as the wavenumbers of the characteristic peaks obtained from Japan’s National Institute 

of Advanced Industrial Science and Technology (SDBSWeb).  The LWIR region being 

sampled should include the four peaks located at 914, 1032, 1186 and 1244 cm
-1

.  Some 

major features are highlighted on the spectra with the colors matching the bond they 

correspond to (Reusch, 2013).  In addition to the wavenumbers, the shape of the peaks 

will also be compared.   
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Figure 2 – Reference spectrum for DMMP. 

Data Collection 

The surfaces for analysis consist of 4” x 4” coupons made of polished stainless 

steel and formica laminate.  DMMP is applied to half of the coupon in different amounts.  

Two methods of application are used.  First, 10, 25 and 50μL are applied by smearing the 

chemical across the surface with the tip of a pipette.  An additional sample of each 

material is prepared by applying 10μL in an “X” pattern in the center of the coupon.  

Next 1, 5 and 10μL are applied by creating a solution in methanol and covering half the 

surface, then allowing the methanol to evaporate.   
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The coupon is set vertically in a lab hood at a 45° angle relative to the face of the 

hood.  The blackbody illumination source is placed inside the hood, facing the sample at 

a 45° angle.  The Telops LWIR camera is situated outside of the lab hood, also at a 45° 

angle to the surface.  Figure 3 shows a sketch of the experiment layout.  Since the Telops 

is located within 3m of the contaminated surface, a 1.5x optical lens is installed.   

 

Figure 3 - Sketch of experimental layout 

For each image collected, an equal number of acquisitions for each blackbody are 

also collected for calibration purposes.  The internal blackbodies on the Telops are set at 
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25 and 50°C.  Once the sample is in place, the illumination blackbody is adjusted so the 

signal in the contaminated area is between that of the two internal blackbodies.  Table 1 

shows the details of each scene collected for analysis. 

Table 1 - Scenes for analysis 

Scene 

Number 
Surface Material 

Amount of 

DMMP 

Applied (μL) 

Application 

Method 
Acquisitions 

1 Stainless Steel 0 - 40 

2 Stainless Steel 1 Methanol Solution 40 

3 Stainless Steel 5 Methanol Solution 40 

4 Stainless Steel 10 Methanol Solution 40 

5 Stainless Steel 0 - 20 

6 Stainless Steel 10 Smear 20 

7 Stainless Steel 25 Smear 20 

8 Stainless Steel 50 Smear 20 

9 Formica Laminate 0 - 40 

10 Formica Laminate 1 Methanol Solution 40 

11 Formica Laminate 5 Methanol Solution 40 

12 Formica Laminate 10 Methanol Solution 40 

13 Formica Laminate 0 - 20 

14 Formica Laminate 10 Smear 20 

15 Formica Laminate 25 Smear 20 

16 Formica Laminate 50 Smear 20 

 

Data Analysis 

Before further analysis can begin, the datacubes for all the acquisitions collected 

for each scene are averaged.  This reduces signal noise in the data.  The scene is then 

calibrated using the averaged datacubes for each of the blackbodies collected with the 

scene.  The blackbodies have a known temperature and emissivity which allows the scene 

data to be calibrated.  A significant portion of the signal detected by the instrument is due 
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to the heat generated by the instrument itself.  The calibration process effectively corrects 

for this.  An example of an interferogram, taken from the uncalibrated scene data for 

25μL DMMP on stainless steel, is shown in Figure 4.  The interferogram’s optical path 

difference (OPD) is the position of the oscillating mirror.  The full OPD range is from      

-800 to 800; the interferogram in Figure 4 was shown for a smaller range to make the 

waves of the interferogram clearer.  The intensity at the OPD extremes is the broadband 

intensity that will be used to generate the broadband image. 

 

Figure 4 –Interferogram from 25μL DMMP on stainless steel. 

The interferograms are converted to spectra by performing a Fourier Transform as 

shown in Equation 1, where       is the spectral power density,       is the intensity of 
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the interferometer intensity, and    is the wavenumber.  Because of the complexity of this 

operation and the number of interferograms to transform, a computer with high 

processing power is required. 

 

                         
 

  
    (1) 

 

From the calibrated data, a plot is generated, showing the mean spectra at each 

pixel.  This plot can be used to determine if contaminated areas can be observed at this 

point in the data processing.   

There are two types of spectra possible in this analysis.  First, there is an 

absorptive spectra, where the spectral features of the chemical are shown as less intense 

than the baseline, as the chemical absorbs energy at the frequencies corresponding to its 

modes of vibration.  Secondly, there may be an emissive spectra, where the chemical 

emits energy that is greater than that which is being reflected due to excitation of the 

chemical after absorbing energy at those frequencies.   Two methods are used to calculate 

the spectral angle between the spectrum of each pixel and a reference spectrum.  The 

difference is that in one method, the absorption spectrum will be used to calculate the 

angle for all scenes, regardless if the spectra present are absorptive or emissive.  In the 

other method, an absorptive reference spectrum is used for scenes with absorptive spectra 

and an emissive reference spectrum is used for scenes with an emissive spectrum.  Both 

methods will show their ability to qualitatively identify where contamination is present.   

A background spectra is found by averaging the calibrated spectra over the 

surface of a non-contaminated surface.  This is done for both types of surfaces and is 

used to generate spectra corrected for atmospheric and surface interferences.  This 
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background spectra is subtracted from the spectra in the scene.  The resulting spectra are 

each subtracted by their respective means, which eliminates any intensity shifts present 

and brings their mean to zero.  This corrected spectra is then compared with the reference 

spectra to determine the spectral angle using Equation 2, where the angle, θ, is the ant 

cosine of the dot product of the spectra divided by the product of their magnitudes. 

 

           

      
 (2) 

 

To attempt to quantitate the concentrations present, the spectral intensities are 

used.  A representative spectra for the scene is obtained by taking the mean of the spectra 

across the contaminated area.  These spectra are shifted so, for each scene, they have the 

same reference point.  For absorptive spectra, the spectra is subtracted by the maximum 

spectral intensity.  For emissive spectra, if the spectra is subtracted by the minimum 

intensity, an issue arises due to the fact there is a feature near the low end of the 

wavelength range, causing the spectra for different scenes to have shifts in intensity.  To 

get around this, each spectra is subtracted by the intensity at a wavelength with no feature 

present, in this case 1142 cm
-1

.  Next the emissive spectra are all corrected by adding the 

minimum intensity from the lowest concentration.  The spectra for each surface than can 

all be plotted on the same axis for comparison.  The mean value for each of these 

averaged spectra is used to observe the trend of intensity vs concentration.  To determine 

the statistical limit of detection, three times the standard deviation of the spectral means 

of each bare material is used.  To get these values, the spectra from each pixel of the bare 

samples are manipulated as described above.  The mean spectra for each pixel is 
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produced and from these, the overall mean and standard deviation of each bare material is 

calculated. 

Summary 

This methodology allows for a small scene in a lab setting to be analyzed for 

contamination.  Each step of the data analysis is used to improve the clarity of the scene 

and improve the ability to positively detect the chemical of concern.  Finally, the 

construction of a calibration curve provides a means to quantitatively analyze the scene. 
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IV.  Analysis and Results 

Chapter Overview 

The analysis of the data showed that it is indeed possible to identify where 

contamination exists using the Telops hyperspectral imager.  Figures generated 

throughout the analysis can be used to see how each step in the methodology is 

improving the clarity of the results.   

Results of Data Analysis 

After averaging each scene, a broadband image was generated.  This image is a 

color plot where the colors represent the logarithm of the broadband intensity (counts).  

This image shows the intensity of the edge of the interferogram for each pixel.  This 

provides a rough image of the scene before any calibration has taken place.  Figures 5 

and 6 show the broadband images for the stainless steel and formica laminate scenes with 

5μL of DMMP applied.  The remaining figures are shown in Appendix B. 

Once calibration was complete, calibrated images were generated.  These images 

show the average spectral intensity over the sampled range for each pixel.  Heavily 

contaminated areas of the image can be seen more clearly in these than the broadband 

images.  Figures 7 and 8 show these calibrated images for the 5μL scenes.  The other 

scenes’ calibrated images are found in Appendix C. 



20 

 

Figure 5 - Broadband image of 5μL DMMP applied to stainless steel. 
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Figure 6 - Broadband image of 5μL DMMP applied to laminate. 
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Figure 7 - Calibrated image of 5μL DMMP applied to stainless steel. 
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Figure 8 - Calibrated image of 5μL DMMP applied to laminate. 

Next, spectral angles were calculated and plotted on a color map.  The color maps 

were forced to have a range of 0 to 150°.  This created consistency in the color scheme, 

however the method of using the absorptive spectrum for the emissive scenes generated 

less contrast so forcing the bounds on the color scale was not done for these.  Figures 9 

and 10 show the images generated for 5μL DMMP applied to stainless steel and laminate, 

respectively.  The entire collection of spectral angle plots can be found in Appendix D.  It 

can be seen that contaminated areas of the image, as well as level of contamination, are 

more distinguishable than in the calibrated images.  The blue colored sections of the 
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image indicate DMMP contamination, with the darker blue being closer to the reference 

spectra.   

 

Figure 9 - Spectral angle plot of 5μL DMMP applied to stainless steel. 
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Figure 10 - Spectral angle plot of 5μL DMMP applied to laminate. 

The spectra from the contaminated areas of each scene were averaged.  The 

spectra for the first application method, spreading of neat DMMP onto the surface, are 

shown in Figures 11 and 12.  The spectra for the second application method, applying a 

solution of DMMP and methanol, are shown in Figures 13 and 14.  Finally, the spectra 

for both methods are consolidated and shown in Figures 15 and 16.  The individual 

spectra may be found in Appendix E. 
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Figure 11 - Average spectral difference for stainless steel with 10μL (red), 25μL 

(green) and 50μL (blue) DMMP applied. 

 

 

Figure 12 - Average spectral difference for laminate with 10μL (red), 25μL (green) 

and 50μL (blue) DMMP applied. 
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Figure 13 - Average spectral difference for stainless steel with 0μL (magenta), 1μL 

(red), 5μL (green) and 10μL (blue) DMMP applied. 

 

 

Figure 14 - Average spectral difference for laminate with 0μL (magenta), 1μL (red), 

5μL (green) and 10μL (blue) DMMP applied. 
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Figure 15 – Consolidated plot of averaged spectral differences for 1-50μL DMMP 

applied to stainless steel. 

 

 

 

Figure 16 - Consolidated plot of averaged spectral differences for 1-50μL DMMP 

applied to laminate. 
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It can be noted from the spectra generated that the spectra for the scenes with 25 

and 50μL applied had similar intensities for both surface materials.  This is likely due to 

the fact that they were applied at the same thickness due to the application method.  

Because of this, only the scenes where DMMP was applied using the solvent will be used 

for the preliminary quantitative analysis.  The mean intensity for each of these spectra are 

shown in Table 2.  A negative spectral difference represents absorbance, while a positive 

spectral difference represents emission.  The surface contamination level was calculated 

with the assumption that the chemical was applied evenly over exactly on half the coupon 

(8in
2
) and a density of 1.145 g/mL for DMMP.  The mean spectral differences were 

plotted against the approximate surface contamination level and a trend line was fitted, as 

shown in Figures 17 and 18.  Trend lines forced through the zero intercept, are shown in 

Figures 19 and 20.  This prevents the statistical limit of detection from being a negative 

concentration, and the equations generated from these fits are used to calculate limits of 

detection. 

Table 2 – Mean radiance difference of scene spectra 

Surface 
DMMP 

Applied (μL) 

Approx 

Concentration 

(μg/cm
2
) 

Mean Spectral 

Difference  

(μW/(cm
2
 sr cm

-1
)) 

Stainless Steel 1 22 -0.041478 

Stainless Steel 5 111 -0.11660 

Stainless Steel 10 222 -0.20612 

Formica 

Laminate 
1 22 

0.084123 

Formica 

Laminate 
5 111 

0.11692 

Formica 

Laminate 
10 222 

0.21199 
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Figure 17 - Mean spectral differences plotted against surface concentration of 

DMMP on stainless steel 

 

 

Figure 18 - Mean spectral differences plotted against surface concentration of 

DMMP on laminate 
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Figure 19 - Mean spectral differences plotted against surface concentration of 

DMMP on stainless steel.  The trend line is forced through the zero intercept. 

 

 

Figure 20 - Mean spectral differences plotted against surface concentration of 

DMMP on laminate.  The trend line is forced through the zero intercept. 
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While the generated trend lines show promise in developing a linear calibration 

curve, the use of a single sample average does not allow proper statistical confidence 

intervals to be generated.  It was attempted to separate each scene into sections to allow 

for several averages, but the uneven deposition of chemical on the surface made this 

difficult, as there were areas of higher and lower concentrations.   

The mean spectral intensity difference of the bare stainless steel scene was -

2.9473E-5 μW/(cm
2
 sr cm

-1
) with a standard deviation of 1.8168E-3 μW/(cm

2
 sr cm

-1
).  

The mean difference for the bare formica laminate scene was 6.5439E-6 μW/(cm
2
 sr cm

-

1
) with a standard deviation of 4.2560E-4 μW/(cm

2
 sr cm

-1
).  Adding three standard 

deviations to each mean yields -5.4799E-3 μW/(cm
2
 sr cm

-1
) for stainless steel and 

1.2833E-3 μW/(cm
2
 sr cm

-1
) for formica laminate.  Solving the trend line equations 

shown in Figures 18 and 19 for the x variable gives Equations 3 and 4 for stainless steel 

and formica laminate, respectively, where x is the surface contamination in μg/cm
2
 and y 

is the mean spectral intensity. Inputting the limits of detection for each material, the 

statistical limits of detection were found to be 5.70μg/cm
2
 for stainless steel and 

1.29μg/cm
2
 for formica laminate. 

     
 

            (3) 

    
 

            (4) 

Investigative Questions Answered 

This research showed that OP pesticides can be detected using hyperspectral 

imaging.  It was shown that illumination is necessary.  For a reflective surface, active 

illumination allows an absorptive spectra to be obtained.  For a non-reflective surface, it 
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is suspected that the illumination source heated the chemical at a higher rate than the 

surface, which allowed an emissive spectra to be seen.  A rough limit of detection was 

obtained for both reflective and non-reflective surfaces, which made it possible to 

quantitate contamination levels in this experimental setup.   

Summary 

Each step in the data analysis made the location of the contamination clearer, 

improving the qualitative results.  Using the spectral angle method with a reference 

spectra allows one to identify the contaminated pixels as they have smaller angles than 

the background pixels.  The quantitative analysis shows linearity in the absorptive 

spectra, which suggests that the calibration curve is applicable.  The 1μL scene on 

laminate, however, was outside the linear calibration curve.  This may be due to poor 

distribution of the chemical over the surface.  Another issue with the 1-10μL scenes was 

that the blackbody was not properly aligned with the coupon, cutting off the right edge of 

the sample.  This would have negligible effects if the chemical were uniformly 

distributed, but could be a cause of the elevated intensity for the 1μL scene.  
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V.  Conclusions and Recommendations 

Chapter Overview 

As a proof of concept, this research showed that hyperspectral imaging is a 

potential candidate for OP detection in the field.  It shows more promise for detection on 

reflective surfaces.  To duplicate the results in the field for non-reflective surfaces, a 

method of heating a large area to cause emission would be required.  The instrument 

would not allow for real-time analysis of a scene, but would allow for data collection, and 

with the proper code in place, would allow for fairly rapid analysis. 

Conclusions of Research 

It could be observed that for every step of analysis, the surface contamination 

became more distinctive in the images generated.  The spectral angle method appears to 

be a good qualitative option for identifying where contamination is present.   

As a proof of concept, this research showed that it is indeed possible to detect OP 

chemical contamination using the Telops hyperspectral imager.  However, the method of 

detection between reflective and non-reflective surfaces differ.  Detection on a reflective 

surface is relatively straight-forward.  An illumination source reflects radiation off of the 

surface and into the Telops, while any chemical on the surface absorbs radiation at 

certain wavelengths.  However, the spectra obtained from the non-reflective surface were 

not absorptive spectra.  This likely indicates that the illumination source was causing 

heating of the scene.  If the DMMP was heating faster than the surface, it would show 

emission, which may be the case here.  While this led to successful detection in the lab, it 
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is unclear from this research how one would go about heating surfaces in this manner in 

the field. 

The analysis of the spectra showed that the features present matched those the 

reference DMMP spectrum.  There were also no additional peaks.  The peaks are at 

approximately the same wavelength, with a small shift in two of the cases.  The shifts 

may be attributed to differing sampling techniques.  There were likely interferences at the 

boundaries of the chemical film, which caused the shifts.  The shapes of the peaks also 

match.  Table 3 shows the peak location comparison and peak descriptions.  The peak 

locations were consistent throughout the scenes collected. 

Table 3 – Spectral feature comparisons. 

Peak Description 
Reference 

Wavenumber (cm
-1

) 

Experimental 

Wavenumber (cm
-1

) 
Peak Shape Match? 

Strong peak with 

shoulder 
914 913 Yes 

Strong feature with 

two peaks 
1032 1023 Yes 

Weak peak 1186 1186 Yes 

Strong peak 1244 1244 Yes 

 

The solvent used for application, methanol, was allowed to evaporate prior to 

scene collection.  There was a chance that methanol would interfere with the spectra due 

to a strong peak at 1030cm
-1

.  The spectra for methanol is shown in Figure 21 

(SDBSWeb).  However, the spectra analyzed matched that of the reference DMMP 

spectra, so interference was minimal, if any.  It would have been prudent to select a 

different solvent that does not have any spectral features in the LWIR range sampled.  
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Some examples would be carbon tetrachloride (Figure 22), which has no substantial 

features in this range or xylene (Figure 23), which has weaker features.   

 

Figure 21 – IR spectrum for methanol. 
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Figure 22 – IR spectrum for carbon tetrachloride 
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Figure 23 – IR spectrum for xylene. 

The method used relied on knowing what OP chemical was applied to the surface.  

It is possible that other OP chemicals could be seen, but the spectral angles would not be 

as close.  However, with chemical other than the reference spectrum present, the spectral 

angle of the contaminated areas would still be relatively grouped, making it possible to be 

able to qualitatively identify where it is present.  If the chemical of concern is known, the 

method can be altered to apply the applicable reference spectrum. 

The quantitative results for DMMP applied to stainless steel yielded a very good 

linear fit to the plotted mean spectral intensities (R
2
=0.9998).  The results for DMMP 

applied to Formica laminate were also fairly good (R
2
=0.9565).  However, when forcing 
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the trend line to intercept at zero intensity for zero concentration, the fit was 0.9591 and 

0.5501 for stainless steel and laminate, respectively. The trend line for the laminate 

surface fit the data points where 5 and 10μL applied.  The 1μL spectral intensity 

difference was greater than the trend line, which greatly reduced the fit.  Since the spectra 

are averages over a large area of the scene, it is possible that the greater amounts were 

more accurately averaged because they were applied more evenly over the coupon.  If the 

whole 1μL of DMMP deposited on the illuminated section, it would be more 

concentrated than if it had spread over the entire half of the coupon.  There was an issue 

of the blackbody illumination being out of line on these samples, causing the edge of the 

coupon to not be illuminated.  If the 1μL sample all settled in the illuminated area, it is 

possible that the averaged spectra intensity would increase, since it would be 

concentrated in a smaller area.   

One issue with applying this methodology in the field is that there is no known 

non-contaminated sections of the surface.  To overcome this, a section of each surface 

being analyzed could be cleaned prior to scene collection.  This would provide the bare 

section needed to obtain the background spectra.  Another problem is that the quantitative 

analysis performed during this research may not be directly applicable to another data 

collection setup.  Since linearity in the calibration curve has been shown, it may be 

possible to “spike” another clean section of the surface with a known amount of chemical 

to be used to generate a two-point calibration curve.   

The qualitative analysis performed, which included developing the spectral angle 

plot to compare to the reference spectra, has limited usefulness.  While is effectively 

showed the deposition pattern of the chemical, it lacks quantitative power.  The method is 
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strictly qualitative and cannot assign concentrations to the angle between the spectral 

vectors. 

Significance of Research 

This research demonstrated a potential method for identifying areas of a scene 

that have a similar spectra.  The specular angle method shown was effective for 

differentiating between clean and contaminated pixels with a cutoff point of about 60°.  

The identification of OP pesticides on surfaces was shown to be possible with the Telops 

camera.  However, the methods used in this research will need to be further tested to 

show that they are viable in the field and a method for illuminating or heating non-

reflective surfaces may need to be explored.  While the initial quantitative analysis looks 

promising in developing a linear relationship, more testing is necessary to gain statistical 

confidence. 

Recommendations for Future Research 

1. Developing a method for quantitative analysis of OP contamination over a large 

surface area. 

2. Method for detection of OP contamination over a large area on non-reflective 

surfaces. 

3. Determining application of method to other OP pesticides and commercial 

products. 

There are alternate data processing methods available that may produce improved 

selectivity.  A more traditional absorbance or transmittance spectra analysis may benefit 

and have more success in developing a quantitative method.  A limit of detection with 
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this method could be obtained by taking three times the noise of an absorption spectra.  A 

quantitative image from this data may also be generated.   

There are also research opportunities in improving equipment and data processing 

efficiencies.  Since OP chemicals share the phosphate-oxygen bonds, equipment may be 

specialized to selectively scan these frequencies.  This could allow for the development 

of a cheaper imager, faster acquisition times and faster, simplified data processing. 
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Appendix A – Trial Methodology and Results 

 

The first attempt at detecting OP pesticides was to apply malathion to a section of 

composite floor tile.  1mL of 1mg malathion per mL methanol solution was applied in an 

approximately 1in diameter area.  The tile was positioned vertically, with the Telops 

camera positioned normal to the surface.  The scene is shown in Figure 24.  This setup 

was not illuminated and had a blackbody source placed in the corner of the tile as a 

reference point in the scene.  After calibration, spectra from 50 pixels in the contaminated 

area were observed to show no spectral features above background, as shown in Figure 

25.   
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Figure 24 – Non-illuminated floor tile with malathion applied in lower right corner. 
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Figure 25 – Spectra from 50 pixels searching for spectral features of malathion. 

The second method tried involved applying various OP chemicals to cardboard.  

The chemicals applied were diisopropyl methylphosphante (DIMP), DMMP, and 

malathion.  The samples were arranged vertically with a blackbody illumination source, 

as seen in Figure 26.  The non-calibrated spectral data was observed to change from the 

non-contaminated and contaminated sections of cardboard.  However, the expected 

spectral features were not present, as shown in Figures 27-30.  The spectral angle method 

was first used during the analysis of this data.  While this experiment failed to positively 

identify presence of the OP chemical, it did demonstrate the ability of the spectral angle 

method to visually differentiate between pixels with differing spectra.  Figures 31-33 

show the spectral angle plots obtained from this experiment.   
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Figure 26 - Trial method setup utilizing contaminated cardboard. 

 

 

Figure 27 - Uncalibrated spectra for bare cardboard. 
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Figure 28 – Uncalibrated spectra for DIMP on cardboard. 

 

 

Figure 29 – Uncalibrated spectra for DMMP on cardboard. 
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Figure 30 - Uncalibrated spectra for malathion on cardboard. 

 

 

Figure 31 – Spectral angle plot for DIMP on cardboard. 
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Figure 32 – Spectral angle plot for DMMP on cardboard. 

 

 

Figure 33 - Spectral angle plot for malathion on cardboard. 
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Appendix B – Broadband Images 

 

The broadband images were generated by taking the logarithm of each 

interferogram broadband intensity.  The interspersed bright yellow pixels and yellow dot 

at (20,100) are caused by bad pixels and will be corrected for during the calibration.  

Hardly any difference can be discerned between the contaminated and bare stainless steel 

broadband images as seen in Figures 34 and 35.  In Figure 36, the DMMP can be seen as 

a wavy blue line around row 60.  As more DMMP is applied, a larger area of blue can be 

seen as with the bottom half of the coupon in Figure 37. 

 

 

Figure 34 – Broadband image of bare stainless steel. 
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Figure 35 – Broadband image of stainless steel with 1μL DMMP applied.  
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Figure 36 - Broadband image of stainless steel with 5μL DMMP applied. 
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Figure 37 - Broadband image of stainless steel with 10μL DMMP applied by 

solution. 

 

Another bare sample was taken for the higher concentrations of neat DMMP 

applied, as these were done at a different time.  With these, it is much easier to see where 

contamination exists than with the lower concentrations.  It is also noted that the coupons 

appear larger.  This is because with the lower concentration tests, an alignment error was 

made with the blackbody, which prevented the entire coupon from being illuminated.  

This had little effect on most results, since a large area was still contaminated.  However 

the 1μL DMMP formica laminate sample was highly affected due to poor chemical 
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deposition.  Figure 42 shows an “X” pattern drawn onto the coupon.  These scenes were 

added to show the ability to detect a deposition pattern on a sample.   

 

Figure 38 - Broadband image of bare stainless steel. 
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Figure 39 - Broadband image of stainless steel with 10μL DMMP applied by 

smearing. 
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Figure 40 - Broadband image of stainless steel with 25μL DMMP applied. 
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Figure 41 - Broadband image of stainless steel with 50μL DMMP applied. 
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Figure 42 - Broadband image of stainless steel with 10μL DMMP applied in an “X” 

pattern. 

 

The formica laminate scenes were collected in the same manner as the stainless 

steel ones.  Since the formica laminate is much less reflective, the broadband images are 

much less clear and it would be difficult to identify any contamination from them.   
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Figure 43 - Broadband image of bare laminate. 
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Figure 44 - Broadband image of laminate with 1μL DMMP applied. 
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Figure 45 - Broadband image of laminate with 5μL DMMP applied. 
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Figure 46 - Broadband image of laminate with 10μL DMMP applied by solution. 

 

Again, another bare scene was collected for the scenes with higher concentration 

because it was done at a different time.  The formica laminate scenes are still very 

unclear and difficult to get any meaningful information from. 
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Figure 47 - Broadband image of bare laminate. 
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Figure 48 - Broadband image of laminate with 10μL DMMP applied by smearing. 
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Figure 49 - Broadband image of laminate with 25μL DMMP applied. 
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Figure 50 - Broadband image of laminate with 50μL DMMP applied. 
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Figure 51 - Broadband image of laminate with 10μL DMMP applied in “X” pattern. 
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Appendix C – Calibrated Images 

 

The calibration process was effective in removing the bad pixels seen in the 

broadband images.  The intensities were used to calibrate to the known radiance of the 

two built-in black bodies.  In these images, it can be seen that the scene was not 

completely illuminated, as there is a section about columns 90-110 that can be faintly 

seen.   

 

 

Figure 52 - Calibrated image of bare stainless steel. 
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In Figure 53, the contamination can be seen by a slightly darker yellow.  With a 

highly reflective surface, even at this point in the data analysis, contamination can be 

seen at a fairly low concentration.   

 
Figure 53 - Calibrated image of stainless steel with 1μL DMMP applied. 
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In Figure 54, the contamination becomes clearer as there is more dark yellow and 

now some blue areas on the coupon. 

 
Figure 54 - Calibrated image of stainless steel with 5μL DMMP applied. 
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The contamination can be seen covering nearly all of the bottom half of the 

coupon in Figure 55.  Again, it is signified by a dark yellow or blue color. 

 

 
Figure 55 - Calibrated image of stainless steel with 10μL DMMP applied by 

solution. 
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Figure 56 - Calibrated image of bare stainless steel. 
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As the surface concentration increases, the contamination gets easier to see in the 

calibrated images.  The X pattern becomes more distinct in the calibrated image in Figure 

60.   

 

 
Figure 57 - Calibrated image of stainless steel with 10μL DMMP applied by 

smearing. 
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Figure 58 - Calibrated image of stainless steel with 25μL DMMP applied. 
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Figure 59 - Calibrated image of stainless steel with 50μL DMMP applied. 
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Figure 60 - Calibrated image of stainless steel with 10μL DMMP applied in “X” 

pattern. 
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The illumination can be seen to be off-center in the calibrated image of bare 

formica laminate in Figure 61.   

 

 

Figure 61 - Calibrated image of bare laminate. 
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In Figure 62, the non-illuminated bottom right seems to get darker, but there is no 

clear deposition pattern visible.  There is also little difference in Figure 63 as the amount 

of DMMP applied goes up from 1 to 5μL. 

 

 
Figure 62 - Calibrated image of laminate with 1μL DMMP applied. 
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Figure 63 - Calibrated image of laminate with 5μL DMMP applied. 
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Some deposition is becoming visible in the calibrated image of 10μL DMMP 

applied to formica laminate.  The blue area of the image now takes up the left side of the 

coupon as well. 

 

 
Figure 64 - Calibrated image of laminate with 10μL DMMP applied by solution. 
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In this blank, which was used to process the higher concentration scenes, it can be 

seen that the illumination is properly centered. 

 

 

Figure 65 - Calibrated image of bare laminate. 
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The contaminated areas are much easier to see as concentration increases as seen 

in Figures 66-68.  When compared to the bare sample, the blue area on the bottom half of 

the coupon stands out.  In Figure 69, the X pattern, which was not visible on the 

broadband image, can now be faintly seen.   

 

 
Figure 66 - Calibrated image of laminate with 10μL DMMP applied by smearing. 
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Figure 67 - Calibrated image of laminate with 25μL DMMP applied. 

 



83 

 
Figure 68 - Calibrated image of laminate with 50μL DMMP applied. 
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Figure 69 - Calibrated image of laminate with 10μL DMMP applied in “X” pattern. 
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Appendix D – Spectral Angle Plots 

 

The spectral angle plots were generated to clarify where contamination with a 

spectrum similar to a DMMP reference spectrum exists.  In Figure 70, it can be seen that 

some of the noise does give a fairly low angle, but there is no discernable pattern to it. 

 

 

Figure 70 - Spectral angle plot of bare stainless steel. 
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In Figure 71, we can clearly see the deposition across the bottom half of the 

coupon.  This is much clearer than the calibrated image (Figure 53) where there was only 

slightly darker yellow sections in this area. 

 

 
Figure 71 – Spectral angle plot of stainless steel with 1μL DMMP applied. 
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Again, Figure 72 shows the chemical deposition much better than the calibrated 

image.  In Figure 54, the only clear contamination was along row 60.  Here varying 

concentrations can also be seen as the darker portions are more similar to the reference, 

and therefore of higher concentration. 

 

 
Figure 72 - Spectral angle plot of stainless steel with 5μL DMMP applied. 
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Figure 73 - Spectral angle plot of stainless steel with 10μL DMMP applied by 

solution. 
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In Figure 74, there is no discernable patter to the angles and it appears as just 

noise.  The color scale shifted up, as there were pixels with a very high angle from the 

reference.  This accounts for the darker colors overall.  As the concentrations increase in 

Figures 75-77, the deposition becomes ever clearer. 

 

 

Figure 74 - Spectral angle plot of bare stainless steel. 
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Figure 75 - Spectral angle plot of stainless steel with 10μL DMMP applied by 

smearing. 
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Figure 76 - Spectral angle plot of stainless steel with 25μL DMMP applied. 
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Figure 77 - Spectral angle plot of stainless steel with 50μL DMMP applied. 
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Figure 78 - Spectral angle plot of stainless steel with 10μL DMMP applied in “X” 

pattern. 
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The bare formica laminate scene again has some lower angles, but appears as 

noise.  In Figure 80, it can be seen that the deposition of 1μL DMMP did not result in 

good coverage of the coupon.  This led to problems with the quantification later on in 

data processing.  The deposition in Figure 81 was also not ideal. 

 

 

Figure 79 - Spectral angle plot of bare laminate. 
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Figure 80 - Spectral angle plot of laminate with 1μL DMMP applied. 
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Figure 81 - Spectral angle plot of laminate with 5μL DMMP applied. 
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Figure 82 - Spectral angle plot of laminate with 10μL DMMP applied by solution. 
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Figure 83 - Spectral angle plot of bare laminate. 
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As the concentrations increase, the deposition also becomes clearer on the formica 

laminate.  Figure 87 shows the X pattern, which was faint in the calibrated image (Figure 

69), is much clearer. 

 

 
Figure 84 - Spectral angle plot of laminate with 10μL DMMP applied by smearing. 
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Figure 85 - Spectral angle plot of laminate with 25μL DMMP applied. 
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Figure 86 - Spectral angle plot of laminate with 50μL DMMP applied. 
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Figure 87 - Spectral angle plot of laminate with 10μL DMMP applied in “X” 

pattern. 
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Appendix E – Averaged Spectra  

 

 

Figure 88 - Averaged spectra for 1μL DMMP applied to stainless steel (22μg/cm2). 

 

Figure 89 - Averaged spectra for 5μL DMMP applied to stainless steel (110μg/cm2). 
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Figure 90 - Averaged spectra for 10μL DMMP applied to stainless steel by solution 

(222μg/cm2). 

 

 

Figure 91 - Averaged spectra for 10μL DMMP applied to stainless steel by smearing 

(222μg/cm2). 
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Figure 92 - Averaged spectra for 25μL DMMP applied to stainless steel 

(555μg/cm2). 

 

 

Figure 93 - Averaged spectra for 50μL DMMP applied to stainless steel 

(1110μg/cm2). 
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Figure 94 - Averaged spectra for 1μL DMMP applied to laminate (22μg/cm2). 

 

 

Figure 95 - Averaged spectra for 5μL DMMP applied to laminate (111μg/cm2). 
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Figure 96 - Averaged spectra for 10μL DMMP applied to laminate by solution 

(222μg/cm2). 

 

 

Figure 97 - Averaged spectra for 10μL DMMP applied to laminate by smearing 

(222μg/cm2). 
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Figure 98 - Averaged spectra for 25μL DMMP applied to laminate (555μg/cm2). 

 

 

Figure 99 - Averaged spectra for 50μL DMMP applied to laminate (1110μg/cm2). 
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