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Abstract 

This thesis describes two explosive detection methods capable of detecting explosives indirectly 

in ambient air. The first of the explosive detection methods utilizes a platinum catalyst heated to 

350 °C to catalyze the thermal dissociation of nitroaromatic explosives, such as 2,4,6-trinitrotolune 

(TNT), to NO2 prior to detection. The catalytic thermal dissociation (cTD) CRDS was found to 

have a (1s, 3σ) limit of detection (LOD) of 0.5 ppbv. The LOD was sufficient for the detection of 

TNT in ambient air but lacked the sensitivity to detect less volatile nitro aromatic explosives such 

as 2,4,6-trinitrophenylmethylnitramine (Tetryl). Efforts to improve the sensitivity of the 

instrument via a trap and purge pre-concentration scheme were of limited success largely due to 

poor sample recoveries from the Tenax traps used. 

The second explosive detection technique exploited radicals generated during the thermal 

decomposition of triacetone triperoxide (TATP), a peroxide explosive, for detection. These 

radicals were amplified via a peroxide radical chemical amplification scheme (PERCA) that 

required the addition of NO and a radical chain carrier, commonly CO, to generate NO2. A 

modelling study was conducted to assess alternative radical chain carriers as well as the effect of 

TD on amplification chemistry. Dimethyl ether and ethane were found to be appropriate chain 

carriers. Additionally, the modelling study suggested that elevated TD temperatures slow down 

radical chemistry and reduce chemical amplification (CL) while reducing the dependence of CL 

on relative humidity and radical sinks. A TD-PERCA-CRDS instrument was constructed and its 

temperature dependent chain length calibrated using peroxyacyl nitrates and peroxy nitric acid. 

The TD-PERCA-CRDS was found to have a CL up to 69±5 at 250 °C and an LOD (1s, 1σ) of 1.3 

pptv. The instrument’s relative humidity dependence was reduced compared to that of room 

temperature PERCA but the instrument was found to suffer from an ozone interference at 
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temperatures greater than 150 °C. A sample of TATP was synthesized in the lab and its identity 

and purity established using FTIR. TATP decomposition resulted in an NO2 signal that was 22±3 

times larger than that expected from TATP saturation vapour pressure, and the LOD was 5 pptv. 
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Chapter One: Introduction 

1.1 History of Explosive Substances 

The earliest example of an explosive composition dates back to 220BC when a procedural error 

during gold ore extraction led to an explosion and the invention of blackpowder.1 Blackpowder is 

a mixture of powdered charcoal which contains sulfur and potassium nitrate. Nitroglycerine, much 

more powerful than its predecessor, was discovered in the 19th century by the Italian professor 

Ascanio Sobrero. The explosive found widespread usage after the Swedish inventor Immanuel 

Nobel developed a safer, more reasonable manufacturing process and licensed the construction of 

plants near mining operations.1 Since then, more advanced and ultimately safer explosives have 

been developed for use in mining. Additionally, explosives have since found usage in engineering, 

construction, quarrying, and devastatingly in military operations. A more detailed history of 

explosives is provided in chapter one of Akhavan’s The Chemistry of Explosives.1  

Chemical explosives may be defined by their ability to undergo rapid highly exothermic 

chemical reactions over an extremely short period of time generating large amounts of gas.1 The 

resultant explosion is characterized by a localized accumulation of heat preceding a sudden release 

of energy.1-2 The sudden release of energy and gas is commonly accompanied by a shock wave 

and or the propulsion of debris.   

To undergo such rapid reactivity explosives are commonly characterized by the presence of 

oxygen in close proximity to oxidizable fuel, mainly carbon and hydrogen.1-2 Many classes of 

compounds have been studied that exhibit explosive behaviour. An overview of explosive 

materials and their classifications is provided below. 
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1.1.1 Classification of explosives 

There have been several attempts in the past to classify explosives based on their chemical 

compositions and elemental makeup. The renowned Dutch scientist van’t Hoff tried developing a 

classification method in 1909.1 An 8 class classification was also proposed by Plets in 1953 that 

attempted to link molecular makeup with explosive power.1 Neither of these systems was 

comprehensive, perhaps a result of the large variety of compounds capable of undergoing 

explosive processes, and none were able to predict the explosive capacity of explosive compounds.  

The simplest high-level classification system links explosive capacity to the physical 

coexistence of oxidizable elements near oxygen in molecules.1 Many traditional explosives appear 

to obey this rule (Figure 1.1) including nitro compounds, nitric esters, nitramines, peroxides and 

derivatives of perchloric acid. Unfortunately, many compounds appear to disobey this basic rule 

in that they do not contain any oxygen atoms, such as azides, yet show high explosive capacity.  

Perhaps due to the lack of a molecular basis for classification, explosives are most commonly 

classified based on the ease with which they may undergo a detonation process. Here, detonation 

is defined as the propagation of decomposition, following an initiation phase, at a rate faster than 

the speed of sound through the unreacted explosive material.1-2 The pressure increase caused by 

detonation, as a result of the rapid production and expansion of gases, leads to a shockwave and in 

turn the sharp, loud noise associated with an explosion event.1-3 Three classes of explosives are 

defined by their detonation potential: primary explosives, secondary explosives, and propellants.  
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Figure 1.1 Structures of some organic explosive compounds that have oxygen collocated to 

carbon 

 

Primary explosives are the least stable and undergo rapid transitions from thermal 

decomposition, either induced by burning, friction or a spark, to detonation. Examples of primary 

explosives include lead azide (Pb(N3)2) and mercury fulminate (Hg(CNO)2). Secondary explosives 

differ from primary explosives in that they are not easily detonated, at least when not confined, 

through heat and are not shock sensitive. Secondary explosives also tend to be more powerful 

explosives. The lack of sensitivity of secondary explosive towards detonation translates into their 
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usage alongside primary explosives that are used to initiate the detonation of the secondary 

explosive. Secondary explosives, also referred to as high explosives, include compounds most 

commonly associated with explosions including nitroglycerine (1,2,3-trinitroxypropane), picric 

acid (2,4,6-trinitrophenol), and 2,4,6-trinitrotoluene (TNT). Finally, propellants are combustible 

materials that contain within themselves all the material necessary for their combustion. Although 

they burn with vigour they do not produce a shockwave when unconfined. Thus, they technically 

do not detonate, instead undergoing what is commonly termed deflagration, a combustion process 

that does not produce the same sharp, loud bang associated with an explosion.1, 4 Propellants 

include formulations such as black powder and ammonium nitrate as well as many commonly used 

pyrotechnics. 

 

1.1.2 Thermal decomposition of explosives 

Due to the large number of chemical species that can undergo explosive decomposition and 

their varied chemical composition it is difficult to generalize a simple decomposition scheme. 

Additionally, several explosives undergo decomposition mechanisms that are highly dependent on 

reaction conditions including pressure and temperature.1 Nonetheless, several generalized 

decomposition schemes1, 5-8 have been proposed to enable the estimation of explosive capacity and 

volume of gas produced from organic explosives.  

A comprehensive exploration of the thermochemistry of explosives is beyond the scope of this 

thesis, but essentially explosive decomposition normally proceeds to produce carbon dioxide, 

water and nitrogen gas. Any oxygen imbalance, between the number of carbon and oxygen atoms 

present in a molecule, leads to the formation of CO during decomposition.1, 5-6 More modern 
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approaches also tend to account for a small amount of solid carbon (i.e. soot), hydrogen gas or 

NOx (NO + NO2) formed during the decomposition process.1, 9-10 In addition to shedding light onto 

the decomposition products these schemes can be used to approximate the thermal decomposition 

energies observed experimentally. Upon making assumptions about the products of the explosion, 

a simple Hess’ law approach may be used to approximate enthalpy of detonation.1 Those who 

employ explosives are more commonly concerned with detonation velocity (the stable velocity of 

the shock front) and pressure (the pressure that is developed behind the front). 8 The Kamlet-Jacobs 

method, for example, is also able to approximate these detonation parameters by additionally 

taking into account the molecular mass of the gaseous products, the number of moles of gaseous 

products generated per gram of explosive, and the loading density of the explosive.6 More recently, 

quantum mechanical calculations have been used to improve predictions of explosive capacity and 

better constrain thermal decomposition mechanisms and products.11-13 

 

1.1.2.1 TATP undergoes an entropic explosion 

Although most explosives tend to decompose through pathways that are, at least to a first 

approximation, captured by the explosive decomposition schemes mentioned above this is not the 

case for peroxide explosive decomposition. Lacking any nitrogen, triacetone triperoxide (TATP) 

would be expected to produce a combination of water, carbon dioxide and carbon monoxide as 

decomposition products. However, analysis of the post blast residue of TATP reveals that 2-3 

equivalents of acetone are produced during TATP decomposition.12, 14 The unexplained acetone 

ultimately led to a theoretical study by Dubnikova et. al. in 2005 that determined that TATP 

undergoes stepwise decomposition in what the authors dubbed an entropic explosion.12 The 

entropic explosion proceeds via radical intermediates and produces three equivalents of acetone in 
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succession as well as an ozone (O3) molecule. A similar decomposition process occurs for 

diacetone diperoxide (DADP) decomposition as post blast residue from DADP has also been found 

to contain acetone.14 

 

1.1.2.2 Explosive formulations 

As has been alluded to earlier, secondary explosives are commonly employed alongside a small 

amount of primary explosive that acts as a component of detonator, or colloquially a “cap”.2 

Additionally, to achieve certain explosive capacity at particular pressures and with particular 

sensitivity to detonation mixtures of explosives are commonly employed. Furthermore, high heat 

of combustion additives, such as aluminum, may be added to further increase the energy produced 

during decomposition. These mixtures in turn complicate decomposition chemistry as well as 

headspace analysis of explosive vapours. 

 

1.1.3 Explosives pose an increasing threat to society 

Improvised explosive devices are finding increased use in attacks against people and 

infrastructure.15 Compounding factors include the availability of precursor materials, the relative 

ease of synthesis and the resultant destructive capacity of the explosive devices.1-2 Although the 

use of explosive substances is highly controlled, some precursor materials have become ubiquitous 

in the modern world (e.g., acetone, citric acid, etc.) and as such remain unregulated.16 The 

availability of these precursors along with the continued threat of attacks has led to a strong 

demand and interest in new devices that can be used for the rapid and reliable detection of 

explosives.17-24 
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1.2 Aspects of explosive detection 

The need for better instrumentation capable of rapid and accurate detection of explosive threats 

has led to an explosion of research being conducted and published on the topic. This explosion in 

research is particularly apparent when considering the number9, 22-27 of review papers that have 

been published on the topic of explosive detection in the past three years alone. Of these reviews 

a particularly good overview of the current state of the science is provided by the two-part review 

published by Brown et. al.23-24 in Analytical and Bioanalytical Chemistry in 2016. Earlier reviews 

of note include the 2008 text Aspects of Explosive Detection by Marshal and Oxley2 and the 2004 

seminal review by Moore19 published in Review of Scientific Instruments.  

Most broadly explosive detection techniques may be categorized as bulk and trace detection. 

Bulk detection aims to find the explosive device itself and usually does so by keying into bulk 

properties of the explosive device.2, 9 By far the most common bulk detection method at 

transportation hubs is X-ray screening. The method relies on the fact that as a general rule the 

denser an explosive material is the greater its performance; most explosives have a density greater 

than 1.6 g/cm3.1-2 X-ray screening is quite effective but there are, however, exceptions to the high 

density rule (e.g. nitromethane and triacetone triperoxide).2 More recently, X-ray diffraction, 

neutron activation and Raman spectroscopy have been explored for bulk detection of explosives.24 

Trace detection (trace here being defined as non-detonable quantities)23 techniques, commonly 

used in conjunction with bulk detection methods, attempt to detect residues stemming from the 

handling of the explosive materials. By its nature trace detection is limited by the vapor pressure 

of explosives along with the limit of detection of available analytical techniques. Many explosives, 
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particularly those that contain nitrogen, are semi- or non-volatile (see Table 1.1) necessitating the 

need for instrumentation with sub parts per billion by volume (ppbv) limits of detection.28-29  

Many modern explosive detection techniques employ pre-concentration, usually in the form of 

a swab or solid-phase microextraction (SPME),24, 30-32 to achieve these low detection limits. By 

swabbing surfaces suspected to have explosive residues on them, collecting explosive residue 

directly or extracting explosive vapors and allowing volatilization of explosives directly into 

instrumentation, the low vapor pressure of explosives may be overcome. More recently, novel 

planar SPME probes have been employed that offer superior collection efficiencies and easier 

interfacing with common instrumentation.32 Although effective, and widely used, swabbing is by 

its nature highly inefficient and time consuming. 

  



 

9 

Table 1.1 Vapour pressure of some organic explosives at 25 °C.  

 

 

 

Explosive IUPAC name 

Vapour pressure 

(atm)28 

Vapour pressure 

(ppbv)28 

DADP 

3,3,6,6-tetramethyl-1,2,4,5-

tetraoxane 

(2.4±0.9) × 10-4 244 000 

TATP 

3,3,6,6,9,9-hexamethyl-

1,2,4,5,7,8-hexaoxonane 

(6±2) × 10-5 63 100 

nitroglycerine 

1,3-dinitroxypropan-2-yl 

nitrate 

(6±2) × 10-7 645 

DNT 1-methyl-2,4-dinitrobenzene (4±1) × 10-7 411 

TNT 2-methyl-1,3,5-trinitrobenzene (9±4) × 10-9 9.15 

Picric acid 2,4,6-trinitrophenol 9.7 × 10-10 0.971 

PETN 

[3-nitrooxy-2,2-

bis(nitrooxymethyl)propyl] 

nitrate 

(1.1±0.5) × 10-11 0.0107 

Tetryl 

N-methyl-N-(2,4,6-

trinitrophenyl) nitramide 

7.4 × 10-12 0.00741 

RDX 1,3,5-trinitro-1,3,5-triazinane (5±2) × 10-12 0.00485 
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1.2.1 A note on the use of animals and insects for explosive detection  

Perhaps most surprising is the remaining utility of service dogs for the detection of explosive 

vapors. Highly trained dogs can simultaneously detect explosives, as well as illicit drugs, in 

ambient air and often outperform available analytical instrumentation in terms of limits of 

detection.2, 19, 23, 33 However there is some uncertainty associated with which exact odors a dog 

may be associating with a specific explosive, a matter which could potentially be exploitable with 

changes in synthetic process or reagents. Furthermore, cross contamination during training could 

also lead to misidentification of explosive materials beyond training.34 Although cross-

contamination is a common analytical issue, dogs are not analytical instruments, and learned errors 

may be difficult to identify and correct. Nonetheless, dogs remain the gold standard for explosive 

detection in many situations.34 

African giant rats and bees have also been trained in the detection of explosives. In a similar 

fashion to training dogs, rats and bees may be conditioned to associate explosive vapours with a 

treat or food.23 Both rats and bees have been used for detecting explosives in landmines. In the 

case of bees, tracking bee clustering above a landmine field using light detection and ranging 

(LIDAR) will indicate landmine locations.35 Great ingenuity and utility but the same issues that 

arise with training dogs hold true for both rats and bees.  

 

1.2.2 Analytical methods for trace detection of explosives 

Of the numerous analytical approaches that have been attempted for the measurement of 

explosives, those that are able to detect a substantial subset of explosive compounds are the most 

useful. Literature examples of molecularly imprinted polymers, metal organic frameworks and 

immunosensors for the measurement of specific explosive compounds exist and offer great 
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sensitivity but at the cost of being compound specific.23 Offering a little bit more utility are 

colorimetric approaches, particularly those employing colorimetric sensor arrays, that are able to 

identify a wider array of explosive compounds simultaneously.36-37 Spectroscopic and more 

recently smartphone based camera analysis of colorimetric array pallets and the color changes 

therein offers quantification and ppb limits of detection.23  

 

1.2.2.1 Ion detection methods 

Offering the most utility for explosive detection are the ion detection methods: ion mobility 

spectrometry (IMS) and mass spectrometry (MS). Both techniques offer the ability to detect most, 

if not all, explosive compounds while offering some insight into the chemical structure via either 

the ion mobility or the mass to charge ratio of the compound. 

IMS is currently the most ubiquitous explosive detection method and separates gas phase 

species based on their ion drift velocity, after acceleration in an electric field, through a drift tube, 

against an opposing flow of neutral, ambient pressure drift gas.9, 18, 23, 38-41 Drift times through the 

tube are on the orders of milliseconds to seconds and depend on the strength of the electric field, 

the mass to charge ratio of the ion, as well as the physical size of the molecule as it needs to 

navigate the drift tube opposing the neutral drift gas flow. Direct sampling is possible, as the IMS 

does not require reduced pressure, yet most IMS instruments are not sensitive enough to detect 

most explosives which are semi- or non-volatile (Table 1.1). Swabbing and the subsequent thermal 

desorption act as an initial preconcentrating step. Depending on the ionization method used, 

fragmentation of certain explosives can complicate IMS peaks. The interpretation of results is 

further complicated by the broadness of IMS peaks relative to the total drift time. Comparison to 

extensive and well established IMS libraries is common but false positives are still an issue. To 
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reduce these false positives IMS has been used after a GC column,42 adding a second separation 

dimension albeit with loss of temporal resolution. An alternative approach to overcoming these 

false positives has been to use a second identification dimension by placing IMS ahead of a MS 

detector.43 IMS-MS is quite successful at reducing false positive but the need for MS adds the need 

for a high vacuum and its associated implications on cost and instrument footprint. Finally, further 

complicating modern instruments is the need to constantly switch between positive and negative 

modes to detect TATP and other organic peroxides which may only be detected in positive mode 

unlike most other explosives (e.g. TNT, PETN, etc.).18, 41-42 

MS undoubtedly provides the most concrete identification method for the broadest range of 

explosive vapours. Until recently, the need for implementation of expensive high vacuum systems 

associated with MS has been prohibitive to uptake in explosive detection.23 More recent advances 

in atmospheric pressure ionization methods (e.g., (desorption) electrospray ionization, 

atmospheric pressure chemical ionization, direct-analysis-in-real-time, etc.) and miniaturized 

vacuum systems, particularly ion-trap mass spectrometry, have allowed MS to gain traction in 

explosives detection. The technique appears to be currently undergoing further development and 

will undoubtedly make up a larger chunk of explosive detection moving forward. 

 

1.2.2.2 Spectroscopic methods 

Spectroscopic explosive detection methods also offer reasonable utility, at least theoretically, 

with many explosive compounds having strong absorption lines in the IR.23 Attenuated-total-

reflectance, particularly in stand-off configurations, has the potential to measure explosive residues 

without the need for sampling from the surface and surface imaging applications have been 

demonstrated.44 Furthermore, employing quantum cascade lasers offers the resolution to measure 
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the explosive gases directly.44-46 UV-Visible (i.e., electronic) spectroscopy is not as well 

researched as explosives tend to have broad and indistinct features complicating detection.23 

 

1.2.2.2.1 Cavity ring-down spectroscopy for explosive detection 

A promising spectroscopic technique that has recently been employed in explosives detection 

is cavity ring-down spectroscopy (CRDS). Both direct and indirect explosive detection schemes 

have been presented.47-51 The optical absorption technique is well suited for the task due to its high 

sensitivity, accuracy, and speed.52-53 

The earliest usage was an UV-CRDS developed by Usachev et al. (2001) that was tuned to TNT 

in the spectral region of 225-235 nm.49 The technique did not require preconcentration, and a 

detection limit of less than 1 ppbv for TNT was demonstrated. More recently, Ramos et al. (2007) 

developed another UV-CRDS and demonstrated its detection of dinitrotoluene (DNT) and 

dinitrobenzene (DNB) by scanning the spectral region between 230 and 250 nm.47 Similarly, no 

preconcentration was necessary and a detection limit for DNT of 0.1 ppbv was reported. The 

shortfall of the two UV-CRDS instruments is their inability to detect the majority of nitroaromatic 

explosives. Another disadvantage of UV-CRDS is their disposition to interferences from other 

UV-absorbing gases (including the ubiquitous trace gas O3) raising the possibility of frequent false 

alarms. 

The most successful usage of CRDS for explosive detection is the prototype built by Todd et 

al. (2002).51 Their mid-IR CRDS employed a broadly tuneable (6-8 µm) optical parametric 

oscillator that allowed for the selective detection of several explosives: TNT, RDX, PETN, tetryl 

and TATP. Preconcentration on a cold finger was necessary to provide a 75 parts per trillion by 

volume (pptv) detection limit for TNT. More recently, Snels et al. (2010) utilized a near IR-diode 
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laser to detect TNT and DNT.48 Although the detection of the two compounds was indeed 

demonstrated, experiments involved flash heating solid samples for the detection to take place. 

Although this would provide little utility outside of the lab the instrument was able to differentiate 

between TNT, 2,4- and 2,6-DNT. 

 

1.2.3 Considerations for Detection of Explosives outside of the laboratory 

Detection of explosives outside of the lab must take into account its environment and target. 

Employment of explosive detection techniques for safety purposes at checkpoints, or at an airport 

or transportation hub must consider potential interferences and is ultimately limited by the flow of 

individuals through an indoor environment that although controlled will normally employ 

circulating air flows. On the other hand, an explosive technique employed by the military in a war 

zone needs to contend with high background mixing ratios and as such a large dynamic range may 

be necessary. Finally, in field explosive detection techniques (e.g., screening for land mines) are 

highly limited by portability and power consumption. For each of these specific roles a variety of 

techniques and methods may be more well suited. 

As alluded to earlier, explosives are commonly used in combination. For example, picratol is a 

combination of picric acid and TNT while Amatol is a mixture of TNT and NH4NO3.
1 Explosive 

used as components in mixtures may be targeted to detect the presence of explosive mixtures. 

However, due to the large library of distinct explosive compounds that an explosive composition 

may draw from, the task of attempting to identify all explosive mixtures remains a challenge. 

As explosive detection matures and attempts to intercept explosives before they are placed, 

armed and detonated, trace detection has become more important. Unfortunately, even with the 
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renewed research focus on trace detection there still does not exist a single method that is capable 

of the low detection limits, high selectivity, and portability required for explosive detection in the 

real world.23-24 

 

1.3 Thesis Motivation/Overview 

The work outlined in this thesis was motivated by the need to develop improved explosive 

detection instrumentation. Current explosive detection technologies often fail to provide a real-

time measure of the explosive threat. Additionally, commonly employed explosive detection 

schemes require random grab samples or swabs be obtained. This process is inefficient and leaves 

those places employing current technology open for potential attack. The current work aimed to 

develop a real-time explosive sensor based on the indirect detection of explosive vapours in the 

gas phase. Two commonly encountered classes were targeted for detection, nitroaromatic and 

peroxide explosives. Both were detected in the form of NO2 whose concentration was monitored 

by CRDS. CRDS provides an established rapid, reliable and sensitive trace measurement of NO2 

mixing ratios.  

For nitroaromatic explosives, catalytic conversion on a Pt catalyst was explored (chapter 2). 

Preconcentration of less volatile nitroaromatics on Tenax prior to catalytic thermal dissociation 

was also attempted (chapter 3). For peroxide explosives, an ethane based thermal dissociation 

peroxide radical chemical amplification scheme (PERCA) was investigated. PERCA chemistry 

was modelled and different PERCA chain carriers were considered (chapter 4). An ethane based 

TD-PERCA-CRDS prototype was built and characterized with peroxy carboxylic nitric anhydride, 
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peroxy propionic nitric anhydride and peroxy nitric acid (chapter 5). Finally, a TATP sample was 

synthesized and analyzed using TD-PERCA-CRDS (chapter 6). 
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Chapter Two: Development of a catalytic thermal dissociation cavity ring-down 

spectrometer 

Part of this chapter has been published in Chemical Physics Letters 2013, 582, 15-20, doi: 

10.1016/j.cplett.2013.07.040.54  

 

In this chapter, the design and preliminary testing of a catalytic thermal dissociation cavity-

ringdown spectrometer for detection of nitroaromatic compounds will be discussed. 

 

2.1 Catalytic thermal dissociation of nitroaromatic explosives 

Many explosives contain one or more nitro functional groups (See Figure 2.1). Some, e.g., 

nitroglycerine, ethylene glycol dinitrate (EGDN), or pentaerythritol tetranitrate (PETN)) are alkyl 

nitrates and are hence, at least in principle, detected by thermal dissociation (TD) in a TD-CRDS 

inlet operated at a temperature of ~450 °C.55 Most explosives (e.g., 1,3-dinitrobenzene (DNB), 

2,4-dinitrotuluene (DNT), 2,4,6-trinitrotoluene (TNT), picric acid (PA), or 2,4,6-

trinitrophenylnitramine (Tetryl)), however, are nitroaromatic compounds whose activation 

energies for thermal dissociation to NO2 are in the range of 270 to 300 kJ mol-1 (Brill and James, 

1993)56 and substantially higher than those of alkyl nitrates, whose activation energies for thermal 

dissociation are between 150 and 180 kJ mol-1.57-59 Detection of nitroaromatic explosives by TD-

CRDS would require an inlet heated to above 700 °C (calculated from reported activation energies 

and a residence time of 0.1 s), which is not practical. Furthermore, nitric acid (HNO3) would 

dissociate (to NO2 and OH) at such high temperatures interfering with the measurement of NO2.
60 
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Figure 2.1 Examples of explosive compounds that contain nitro functional groups. 

Nitroglycerin, Ethylene glycol dinitrate: EGDN, pentaerythritol tetranitrate: PETN, 1,3-

dinitrobenzene: DNB, 2,4-dinitrotoluene: DNT, 2,4,6-trinitroluene: TNT, picric acid, N-

methyl-N,2,4,6-tetranitroaniline: tetryl, and 1,3,5-trinitro-2-[2-(2,4,6-

trinitrophenyl)ethenyl]benzene: HNS. 
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However, the thermal conversion of nitroaromatic compounds to NO2 can be catalyzed. For 

example, Content et al.61 reported quantitative yields of NO2 from oxidation of nitroaromatics in 

the presence of either PdO or PtO2 heated to 250 °C, e.g., for oxidation of nitrobenzene (NB): 

4𝐶6𝐻5𝑁𝑂2 + 29𝑂2
∆,𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→       24𝐶𝑂2 + 10𝐻2𝑂 + 4𝑁𝑂2 (Reaction 2.1) 

As such, outfitting the TD-CRDS with a catalytic inlet converter should allow for the detection 

of these nitroaromatic species with catalytic thermal dissociation cavity ring-down spectroscopy 

(cTD-CRDS). The CRDS used in this work was constructed by a previous member of the Osthoff 

group. Details including schematics of the CRDS are shown in section 2.1.1 and as Figure 2.1 of 

the Paul thesis and as Figure 1 of Odame-Ankrah and Osthoff 62. 

 

2.2 Experimental 

2.2.1 Converter design and construction 

The catalytic converter (Figure 2.2) was constructed from a 54 cm long, 0.635 cm outer 

diameter (o.d.), 0.476 cm inner diameter (i.d.) quartz tube in which 0.15 to 0.18 g of catalyst was 

placed. Two types of catalysts were evaluated: Palladium (5% on alumina, Strem) and 

Platinum(IV) oxide hydrate (>99.9%, Sigma-Aldrich). The catalyst powder was adsorbed onto 

quartz wool held in place using an 18 cm long, 0.159 cm o.d. quartz tube which was placed inside 

the larger one and pushed against a perfluoroalkoxy (PFA) Teflon elbow compression fitting 

(Entegris Fluid Handling). Quartz was chosen as, unlike Pyrex or stainless steel, it does not scrub 

NO2 when heated. The converter was heated using 30 American Wire Gauge (AWG) Nichrome 

wire (~60 ) coiled around 24 cm of the quartz tube and held in place by a thermal conductive 

ceramic adhesive (Resbond 919), in which a K-type thermocouple was embedded. A Teflon filter 

holder (Cole Parmer) and a 25.4 mm diameter filter (2 m pore size, Pall Life Sciences) were 
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placed downstream of the converter to prevent contamination of the CRDS or FTIR sample cell 

with catalyst. 

 

Figure 2.2 Sketch of the quartz catalytic converter.54 

 

2.2.2 Determination of nitrobenzene to NO2 conversion efficiency using FTIR 

To determine the conversion efficiency of nitroaromatic compounds to NO2, the conversion of 

reactants to gas-phase products was monitored by FTIR. The FTIR was a Bruker Tensor 27 

equipped with a Gemini "Venus" multi-pass gas cell with 6.4 m optical path length, Pyrex cell 

walls, CaF2 windows, and internal volume of 0.75 L. The cell pressure was monitored using a 

pressure transducer (Omegadyne PX419-015A5V) connected to a display (Omega CNi32). The 

FTIR was operated using Bruker's "Opus" software at a resolution of 0.5 cm-1, in Mertz phase 

correction mode and Blackman-Harris-3-term apodization. Typically, 16 spectra were averaged. 

Background spectra were taken after the cell had been flushed with ultrapure ("zero" grade) air 

(Praxair) for at least 30 min. Concentrations of residual IR absorbing gases in the zero air were 

below the FTIR's detection limit. The sampling compartment outside the sample cell was 

continuously flushed by a small flow of N2, but a small portion of the IR beam (next to the globar 

source and the DTGS detector) was not kept under a controlled atmosphere. Hence, the background 
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at the dominant atmospheric absorbers (CO2 and H2O) drifted slightly following the changes of 

their concentrations in room air. 

Concentrations of gas-phase species were determined using the Beer-Lambert law and infrared 

absorption cross-sections obtained from the Pacific Northwest National Laboratory (PNNL) vapor 

phase infrared spectral library (https://secure2.pnl.gov/nsd/nsd.nsf/Welcome).63 Nitrobenzene 

(NB) (Aldrich, ACS grade, >99%) was chosen as a model nitroaromatic compound as it is 

sufficiently volatile to be quantifiable by FTIR and because the infrared absorption cross-sections 

of NB are in the PNNL database.  

The Beer-Lambert law is, strictly speaking, not obeyed when the FTIR resolution is lower than 

the width of the absorption lines,64 i.e., for CO2 and H2O in this work. The FTIR was therefore 

calibrated for CO2 against a commercial Li-COR 7000 CO2 analyser by sampling room air diluted 

with zero air. At either 0.5 or 1.0 cm-1 resolution, the scatter plots were linear (r > 0.998), and the 

slope was 0.178±0.003 (data not shown). Additionally, off-line experiments verified that the NO2 

mixing ratios measured by FTIR were in quantitative agreement with those observed in parallel by 

blue diode laser CRDS. Nitroaromatic compounds typically have broad and unresolved absorption 

features and are hence not affected by this limitation.  

NB was placed in a 3-neck trap and eluted with zero air (Figure 2.3). Typically, the flow rate 

through the trap, set using mass flow controller (MFC) 1, was 5.0 standard cubic centimeters per 

minute (sccm). The trap output was further diluted using a 1.8 standard liter per minute (slpm) 

zero air dilution flow using MFC 2. This gave a residence time of ~0.3 s in the converter and of 

~0.5 min in the absorption cell. 
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Figure 2.3 Sketch of the sample delivery system. When the FTIR was used, the vent was 

plugged, MFC = mass flow controller.54 

 

 In the experiments whose results are described in section 2.3.1 below, the catalyst was initially 

operated at near-ambient temperature. The trap was flushed for ~10 min to remove room air, after 

which the concentration of NB was quantified. Then, the temperature of the converter was 

increased to ~400 °C, and the production of NO2, CO2, and H2O and the disappearance of NB were 

monitored by FTIR. At the end of the experiment, the concentration of NB was measured again to 

verify that the trap output had not significantly changed during the experiment. 

 

2.2.3 cTD-CRDS prototype 

The cTD-CRDS is a modified version of the 2-channel instrument described by Odame-Ankrah 

and Osthoff.62 It hence has the same external dimensions and optical layout and inherited many 
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components from its predecessor. The main changes from the previous version are: (1) the 

replacement of the original 662 nm laser and optics with a 405 nm blue diode laser and optics 

similar to those described by Paul and Osthoff,65 (2) the implementation of a non-linear Levenberg-

Marquardt (LM) fitting routine (described in section 2.2.4 below), and (3) the addition of a 

catalytic converter inlet as described in section 2.1 to one of the sample channels. 

Briefly, the instrument is mounted in an aluminum frame (80/20; 53 cm width  74 cm depth  

85 cm height). Two 55 cm long CRDS sample channels were constructed from 3/8" (0.953 cm) 

o.d. and 5/16" (0.794 cm) i.d. FEP Teflon tubing held in place by insulated, built-to-fit aluminum 

casing. The CRDS mirrors were protected from sampled air via a "purge" flow of zero air generated 

using 50 m critical orifices and a backpressure of 20 psi. The CRDS cells, laser and turning optics 

are aligned such that the laser beam is coupled on-axis. To protect (i.e., isolate) the laser from the 

front mirrors' back reflections, a polarizing cube and ¼ - wave plates were used (Thorlabs). The 

laser, external optics, and the two CRDS cells were mounted on a 1'  2' (0.30 m × 0.61 m) 

aluminum breadboard (Thorlabs MB1224). Each channel is equipped with a pressure transducer 

(Omegadyne PX419-015A5V) and a 5 slpm mass flow controller (Celerity 180) connected to a 

common twin head diaphragm pump (KNF Neuberger N026.1.2ATP). Typically, the cTD-CRDS 

was operated at a flow rate of 0.80 slpm in the reference channel (which was heated to 250 °C but 

operated without a catalyst in the experiments presented here) and 0.60 slpm in the catalytic 

converter channel. 

The pressure transducers and mass flow controllers were mounted beneath the optical table 

and controlled and monitored via a custom-built control box, containing a pair of National 

Instruments (NI) Universal Serial Bus (USB) 2.0 interface cards (USB-6008 OEM) connected to 

a laptop running NI LABVIEW. Light exiting the optical cavities was collected by collimating 
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optics (Thorlabs F220SMA-B) and carried via multimode optical fibers (Thorlabs M25L01) to the 

photomultiplier tubes (PMTs; Hamamatsu H9433-03MOD) and digitized at a sampling rate of 0.5 

MHz per channel (1 MHz aggregate) using a USB 2.0 data acquisition board (NI USB-6251). The 

communication protocol of the USB data acquisition board effectively limits the data transfer to 

~30 cycles per second.62 Consecutive ring-down traces were thus collected in the on-board 

memory and transferred (in 0.5 MByte packets of data) to the computer twice per second. Once 

transferred, the data from consecutive ring-down decays were co-added to 0.5 s data. The ring-

down parameters were fitted to the averaged data in between data transfers, while the data 

acquisition was acquiring new data, and then averaged to 1 s data before presentation. 

A Teflon filter holder (Cole Parmer) containing a 2 m pore size, 25.4 mm diameter Teflon 

filter (Pall Life Sciences) was placed between the catalytic converter and the CRDS cell. A second 

filter and filter holder were placed at the tip of the common inlet. All wetted inlet lines and fittings 

were constructed from PFA or FEP Teflon (supplied by Saint Gobain Plastics or Entegris Fluid 

Handling). 

Number densities of NO2 were calculated using equation (2.1): 
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Here,  is the NO2 absorption cross-section at the laser wavelength (5.8×10-19 cm2 

molecule-1),65 RL = 1.44 is a correction factor to account for the fact that only a fraction of the 

optical path is occupied by sample gas with the remainder occupied by purge gas, c is the speed of 

light, and  and 0 are ring-down time constants in the presence and absence of NO2, respectively. 

Number densities are converted to mixing ratios using the ideal gas law and are corrected for 

dilution with purge gas. 
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2.2.4 Cavity ring-down fitting routines 

Once the cells are aligned, the digitized voltage, V(t), can be fitted to the parameters of a first-

order exponential equation: 

V(t) = A  e-t/+ B  (equation 2.2) 

Here, A is the signal amplitude, and B is the signal offset. Previously, the instrument used a 

linear LM fitting algorithm to determine the CRDS cell ring-down times () from a fit of the 

logarithm of the observed signal, 

ln(V(t) - B) = ln(A) - t/ (equation 2.4) 

and measured the offset (B) directly by averaging data at the "end" of each exponential decay 

(immediately prior to the next ring-down cycle).55, 62, 65-66 This approach limits the number of ring-

down experiments that can be conducted per second as one has to wait for the signal to fully decay; 

for this instrument operated with previous linear LM fitting algorithm, that limit was 

approximately 300 Hz. A greater frequency is highly desirable to achieve greater precision through 

signal averaging. 

For this work, non-linear LM fitting algorithm was programmed to directly determine the 

parameters A, B, and  of equation (2.2) from the observed ring-down data. The non-linear LM 

algorithm is computationally expensive but affordable as there are 0.5 s between data transfer 

steps. Discreet Fourier transform algorithms DFT-1 and DFT-5 and the "linear regression of the 

sum" (LRS) algorithm, graciously supplied and described by Everest and Atkinson67 were also 

implemented. With any of the new algorithms, effective laser pulse and data acquisition rates of 

up to 2.5 kHz could be achieved. 
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Figure 2.4 Time series of ring down time constants, τ, recovered by the heated sample cell 

(red) and the ambient temperature cell (blue) using different fitting routines. Log-lin LM = 

log-linear Levenberg-Marquardt. Non-lin LM = non-linear Levenberg-Marquardt. DFT = 

Discreet Fourier Transform algorithm. LRS = linear regression of the sum algorithm. 

 

Tables 2.1 and 2.2 and Figure 2.4 show the results of a sample time series of ring-down time 

constants recovered by different fitting routines while the instrument was sampling zero air with 

all inlet heaters engaged. The CRDS was operated at either 300 Hz or 2 kHz laser pulse and 

effective ring-down data acquisition rate. Using the precision of consecutive ring-down time 

constants, , as the main diagnostic of algorithm performance, it was found that the LRS, DFT-5 

and non-linear LM fitting algorithms performed approximately equally well and outperformed the 

previous log-linear LM fitting routine and DFT-1. The latter showed a consistent trend in the 

residual plot (data not shown) and hence produced somewhat inaccurate ring-down time constants, 

likely for the same reasons as discussed by Everest and Atkinson67. In general, the LRS and DFT-

5 are preferred over the non-linear LM fitting algorithm, as the latter is computationally expensive 

(a fit typically took ~10 ms).  
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The non-linear LM fitting algorithm was (arbitrarily) chosen for this work, in part because high 

time resolution was not required and because the non-linear LM algorithm generally produced the 

least systematic noise in the residual plot. Compared to the previous log-linear LM fitting routine, 

the improved fitting routines and high number of ring-down decays averaged per second resulted 

in a considerable gain in the signal-to-noise ratio by a factor of ~6, corresponding to a 1 precision 

in the NO2 mixing ratio as low as ±0.16 ppbv.  
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Table 2.1. Average ring-down time constants ( ± ), average standard fit errors (d), 

and NO2 measurement precision (1) while sampling zero air as a function of fitting 

method and number of ring-down traces averaged per second, as observed in the heated 

sample cell. The standard fit errors for DFT-1, DFT-5 and LRS were calculated using the 

method by Halmer et al.68 

Method 

Frequency 

(Hz) 

±  

(s) 

d

(s) 

NO2) 

(ppbv)

linear LM 55, 62, 65-66 300 35.275±0.158 ±0.102 ±821 

non-linear LM (this work) 300 35.158±0.073 n/d ±473 

DFT-1 67 300 35.366±0.087 ±0.004 ±526 

DFT-5 67 300 35.185±0.050 ±0.001 ±419 

LRS 67 300 35.183±0.050 ±0.002 ±418 

non-linear LM (this work) 2,000 35.021±0.024 n/d ±184 

DFT-1 67 2,000 35.029±0.020 ±0.235 ±165 

DFT-5 67 2,000 35.026±0.021 ±0.006 ±162 

LRS 67 2,000 35.030±0.022 ±0.006 ±186 
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Table 2.2. Average ring-down time constants ( ± ), average standard fit errors (d), 

and NO2 measurement precision (1) while sampling zero air as a function of fitting 

method and number of ring-down traces averaged per second, as observed in the ambient 

temperature cell. The standard fit errors for DFT-1, DFT-5 and LRS were calculated using 

the method by Halmer et al.68 

Method 

Frequency 

(Hz) 

± 

(s) 

d

(s) 

NO2) 

(ppbv)

linear LM 55, 62, 65-66 300 38.080±0.141 ±0.079 ±1220 

non-linear LM (this work) 300 37.923±0.083 n/d ±563 

DFT-1 67 300 38.175±0.094 ±0.008 ±669 

DFT-5 67 300 37.974±0.074 ±0.002 ±396 

LRS 67 300 37.969±0.074 ±0.002 ±390 

non-linear LM (this work) 2,000 37.784±0.058 n/d ±308 

DFT-1 67 2,000 37.781±0.054 ±0.210 ±283 

DFT-5 67 2,000 37.790±0.049 ±0.007 ±291 

LRS 67 2,000 37.793±0.050 ±0.006 ±283 
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2.2.5 Detection of 1,3-DNB, 2,4-DNT and 2,4,6-TNT by cTD-CRDS 

1,3-DNB (97%) and 2,4-DNT (97%) were purchased from Sigma-Aldrich and used as received. 

2,4,6-TNT was purchased as 1 mg / 1 mL solutions in 50% methanol / 50% acetonitrile from 

Accustandard. In offline experiments, it was established that the cTD-CRDS was sensitive to 

acetonitrile which was at least partially converted to NO2 by the catalyst. Therefore, the solvents 

were evaporated using a gentle stream of O2 overnight to obtain dry, solid samples of TNT for 

analysis. 

In a typical experiment, the nitroaromatic was placed in a 3-neck flask, which was temperature 

controlled using an external circulating heater, and eluted and diluted with zero air (Figure 2.3). 

The flow through the trap (MFC 1) was set to 100 sccm and the dilution flow through MFC 2 to 

2.4 slpm. Prior to loading trap with sample, the trap was purged with zero air while the effluent 

was observed by cTD-CRDS to verify the absence of memory effects from previous experiments. 

To obtain a stable trap output after loading, it was necessary to keep the trap under flow for several 

hours prior to analysis and to not modify the trap's bypass valves. Once the trap had been 

conditioned, it was tee'd into the main inlet, which was flooded with zero air. 

In initial experiments (not shown), the cTD-CRDS performance was less reproducible and there 

was often less efficient conversion of nitroaromatics to NO2 than had been anticipated based on 

the FTIR results. This was eventually traced to the fact that the catalyst in the FTIR experiments 

had been periodically exposed to room air, whereas in the cTD-CRDS experiments, on the other 

hand, the catalyst was conditioned, over prolonged periods, using (dry) zero air. The catalyst's 

performance improved considerably once the zero air (used to dilute trap output) was humidified 

using a bubbler containing deionized water. The bubbler was deployed in all cTD-CRDS 

experiments shown below. 
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2.3 Results  

2.3.1 Catalytic oxidation of nitrobenzene to NO2 

Figure 2.5 shows FTIR spectra before and after oxidation of NB with PtO2 catalyst heated to 

350 °C. Before the oxidation, the spectrum contains all absorption features expected for NB but 

also those of trace moisture and CO2, likely originating from residual room air eluting from the 

sample trap. When the catalyst was heated to 350 °C (Figure 2.5, bottom), there was no evidence 

of NB, and only the expected oxidation products, H2O, CO2, and NO2, were observed. This shows 

that NB had been completely oxidized. In both IR spectra in Figure 2.5, the spectrum is noisy near 

1000 cm-1, likely a result of the cut off of the CaF2 windows. 
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Figure 2.5 Catalytic oxidation of nitrobenzene (NB). (top) FTIR spectrum prior to 

oxidation. The lower plot (inverted axis) shows the reference spectra of NB, and CO2 from 

the PNNL database. (bottom) FTIR spectrum observed after catalytic oxidation at 350 °C. 

The PNNL reference spectra of NO2, CO2, and H2O are shown at the bottom. 

 

Figure 2.6 shows a time series of NB and NO2 mixing ratios, calculated from absorption spectra 

as shown in Figure 2.5. The NB mixing ratios were (248±26) ppbv before the catalyst was heated, 

and (220±12) ppbv after the catalyst had been heated and allowed to cool again (the error indicates 
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the 1 measurement precision). The NO2 mixing ratio at catalyst temperatures >250 °C was 

(245±35) ppbv, consistent with quantitative production of NO2 (see reaction (2.1) for the 

stoichiometry of the reaction). This quantitative ratio was reproduced in several experiments 

conducted over a period of several months. On the other hand, the measured CO2 mixing ratios 

were generally not consistent with the expected stoichiometric ratio of 6:1 and often greater than 

expected, for reasons that are not clear. As other C containing species (such as CO) were not 

observed by IR, I speculate that variability in the CO2 background, which is orders of magnitude 

higher than the concentration being measured, or perhaps CO2 produced by oxidation of partially 

oxidized hydrocarbon residues from preceding experiments contributed to variability in the 

measured CO2. 

 

 

Figure 2.6 Time series of catalytic oxidation of NB as a function of catalyst temperature 

(shown on top). 
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Palladium sorbed on alumina was also evaluated with mixed success (data not shown). The IR 

spectra generally showed less than quantitative yield of NO2 from NB oxidation, and in some cases 

revealed the production of NO. Thus, PtO2 was chosen as the catalyst for the cTD-CRDS. 

 

2.3.2 Real-time detection of explosives by cTD-CRDS 

2.3.2.1 Detection of 2,4-DNT 

Figure 2.7 shows sample measurements of 2,4-DNT by cTD-CRDS. The source was repeatedly 

taken offline to determine the baseline ring-down time constants, 0 (white underlay). A small 

amount of room air was usually observed by the CRDS (as spikes in the data) when the source was 

connected or disconnected. Nitroaromatic compounds are apparently retained on Teflon surfaces, 

as indicated from the slow (~15 min) approach to a stable signal when the trap is put inline (shown 

in gray underlay) or taken offline. The same behavior was observed for 1,3-DNB (Figure 2.8) and, 

to a lesser extent, for 2,4,6-TNT (Figure 2.9). 

 

 



 

35 

 

Figure 2.7 Detection of 2,4-DNT by cTD-CRDS. The catalyst channel (shown in red) was 

operated at 350 °C. 

 

2,4-DNT has saturation vapor pressures of 1.810-5 Torr at 7.0 °C and 7.510-5 Torr at 

17.0 °C,69 which correspond to mixing ratios of 28 ppbv and 120 ppbv, respectively. Flow dilution 

reduces these concentrations by a factor of 14.0 in our experiments. Assuming that the air flowing 

through the trap saturates with 2,4-DNT, and 2 molecules of NO2 are produced from each molecule 

of 2,4-DNT in the converter, 4.0 ppbv of NO2 at 7.0 °C and 17 ppbv at 17.0 °C are to be expected. 

The data shown in Figure 2.7 are below those values (2.9±0.2 ppbv at 7.0 °C (73% of 4.0 ppbv) 

and 4.2±0.2 ppbv at 17.0 °C (25% of 17 ppbv)). A comparison of observed with expected values 

for 2,4-DNT, 1,3-DNB, and 2,4-6-TNT is shown in Figure 2.10 and is discussed further below. 

There was an unexpected response in the reference channel (Figure 2.7, blue) due to absorption 

by 2,4-DNT, which is slightly yellow in appearance. The reference channel signal implies a 2,4-

DNT absorption cross section at 405 nm of ~2.5×10-20 cm2 molecule-1. A similar response in the 

reference channel was observed for 1,3-DNB (Figure 2.8) and 2,4,6-TNT (Figure 2.9). 
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2.3.2.2 Detection of 1,3-DNB 

Figure 2.8 shows detection of 1,3-DNB by cTD-CRDS. This experiment was conducted with 

the trap at room temperature (23.4 °C). 1,3-DNB was as "sticky" as 2,4-DNT as judged from the 

slow rise and recovery of the ring-down time constants (~15 min), observed in both the catalytic 

and reference channels. Further, since a considerable portion of the cTD-CRDS inlet is not heated 

and hence at or near room temperature, 1,3-DNB must equilibrate with all those surfaces, leading 

to a gradual approach to a stable concentration. Using the 1,3-DNB vapor pressures reported by 

Ferro et al. 70, the expected 1,3-DNB mixing ratio was 6.0 ppbv, or 12 ppbv of NO2 if fully 

converted. Again, the observed mixing ratios are below the maximum value (max. 7.5±0.2 ppbv, 

or 15±0.3 ppbv if fully converted). The response in the reference channel implies an 1,3-DNB 

absorption cross-section of ~2.5×10-20 cm2 molecule-1 at 405 nm, a value similar to that of 

2,4-DNT. 
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Figure 2.8 Detection of 1,3-DNB by cTD-CRDS. The glass trap containing the 1,3-DNB was 

at the same temperature as the room, 23.4 °C. The catalyst channel (shown in red) was 

operated at 350 °C. 

 

2.3.2.3 Detection of 2,4,6-TNT  

Figure 2.9 shows a time series of cTD-CRDS demonstrating detection of 2,4,6-TNT. The signal 

is smaller than for either 1,3-DNB or 2,4-DNT because at the trap temperature in the experiment 

shown (25.0 °C), 2,4,6-TNT only has a vapor pressure of 6.4×10-6 Torr.69 Assuming equilibration 

within the trap with the gas flow, this vapor pressure corresponds to a mixing ratio of 0.88 ppbv 

after dilution. Following conversion to NO2, a mixing ratio of 2.7 ppbv is expected, which is 

greater than observed (1.2 ± 0.1 ppbv). There is also a small response in the reference channel, 

from which the cross-section of 2,4,6-TNT at 405 nm is estimated as 6.610-20 cm2 molecule-1. 
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Figure 2.9 Detection of 2,4,6-TNT by cTD-CRDS. The temperature of the glass trap 

containing the sample was 25.0 °C; the catalyst channel was operated at 350 °C. 

 

2.3.3 Quantitative assessment of catalytic conversion 

For this evaluation, it was assumed that the zero-air passing through the glass trap saturated 

with the nitroaromatic compound before making its way to the CRDS. However, the accuracy of 

the saturation vapor pressures is not well constrained as the Clausius-Clapeyron parameters 

reported in the literature for the compounds tested are fairly uncertain,69-70 with resulting error bars 

as large as factors of two (the large error bars in Figure 2.10). 
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Figure 2.10 Scatter plot of NO2 mixing ratios observed by cTD-CRDS against mixing ratios 

predicted from the saturation vapor pressures of 1,3-DNB, 2,4-DNT, and 2,4,6-TNT. The 

one to one line has been displayed on the plot as well. Error bars are obtained from 

propagating the error associated with the literature Clausius-Clapeyron parameters. 

 

2.4 Discussion 

2.4.1 Catalytic conversion of nitroaromatic compounds to NO2 

The FTIR results show that NB is quantitatively converted by heated Pt(IV)O2 to NO2, at least 

at the ppmv level. With Pd catalyst, formation of NO was observed, which likely stemmed from 

reduction of NO2. I speculate that the alumina support may have contributed to NO formation, as 

we observed partial loss of NO2 on alumina surfaces in off-line experiments. It was concluded that 

Pd(0) adsorbed on alumina is less suitable than Pt(IV)O2 for detection of nitroaromatic compounds 

by cTD-CRDS. The results presented here are consistent with those by Content et al.61, who 

reported similar performance of Pd and Pt catalyst but had not evaluated the catalyst's performance 

on alumina support. Further, it was found that the presence of trace moisture is needed for efficient 

catalytic oxidation of nitroaromatic compounds. The dependence of catalyst performance on 
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humidity was not further investigated, since the catalyst performed reproducibly, for several 

months, once the humidity of the dilution gas was controlled. 

When the catalytic converter was coupled to the CRDS and evaluated at up to three orders of 

magnitude lower sample concentrations than had been used in the FTIR experiments, its 

performance was less clear, since the nitroaromatic compounds could no longer be directly 

monitored, and because the product monitored (NO2) was no longer specific to a particular 

molecule. Furthermore, 1,3-DNB, 2,4-DNT, and 2,4,6-TNT are much less volatile than NB and 

can thus condense within the inlet tubing, leading to significant inlet transmission (e.g., Figure 2.7) 

and memory effects. To deliver stable and reproducible concentrations of nitroaromatic 

compounds under these circumstances, the glass traps containing the explosive under investigation 

was controlled to temperatures below that of the inlet (i.e., below ambient) to prevent condensation 

of the eluted explosive. In addition, it was necessary to purge these glass traps with zero air for 

extended periods of time (usually overnight) and to keep the sample traps under continuous flow. 

In this manner, an evaluation of the catalyst's performance under trace conditions became possible 

(Figure 2.10).  

 

Figure 2.10 shows that the observed NO2 mixing ratios correlated with the predicted amounts, 

but were lower than expected from quantitative conversion of the nitroaromatic compounds. For 

2,4-DNT, the data suggest that only between 0.5 and 1.5 molecules of NO2 were generated per 

molecule. Similar yields were also observed for 1,3-DNB and 2,4,6-TNT (Figure 2.10). It is 

unclear whether these results are biased because the trap flow did not achieve saturation vapor 

pressure or whether the catalyst's performance was reduced. It is highly likely that detection of 

NO2 in the CRDS cell itself is quantitative;55, 65, 71 however, it is possible that the NO2 produced 
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from oxidation of the nitroaromatic is partially scrubbed after its catalytic production, for example 

by reaction of NO2 with the organic oxidation products (which are highly functionalized). Such 

scrubbing was not observed when alkyl nitrates were thermally decomposed, which had been 

rationalized by the short lifetimes of the organic fragments,55 and would be inconsistent with the 

(high concentration) FTIR results presented above, but cannot be ruled out at the lower 

concentrations in the cTD-CRDS experiments where minor reaction pathways may be more 

dominant. The latter stresses the importance of evaluating the efficiency of catalytic conversion at 

the concentration levels used, rather than relying on results obtained at high concentrations. 

Fortunately, quantitative conversion to NO2 is not required for detection of nitroaromatic 

explosives at a check point or above land mines. 

 

2.4.2 Comparison of cTD-CRDS with existing CRDS explosive sensors 

While detection of nitroaromatic explosives by detection of their thermal decomposition 

products is not novel (e.g., 50, 61, 72-74), the combination of catalytic thermal dissociation with CRDS 

detection of NO2 presented in this work is new and delivers a faster inherent response (<1 s) and 

higher sensitivity (<0.5 ppbv, without sample preconcentration) than earlier methods. It is also the 

first to utilize the visible region of the electromagnetic spectrum for explosives sensing (Table 

1.2). Earlier CRDS instruments have utilized the mid-51 or near-IR,48 which, unlike the visible 

region, enables identification of compounds and still achieves sub-ppbv detection limits, in 

particular when a preconcentrator is used.51 However, identification of the type of explosives 

present would only be a secondary objective at a security checkpoint. The UV region has also been 

utilized.47, 49 UV-CRDS, is slightly more sensitive (detection limits of 0.1 ppbv without 

preconcentration have been reported)47 than the other methods. However, it also does not allow 
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differentiation amongst explosives and is more prone to atmospheric interferences than the visible 

region, e.g., due to absorption by ozone, which is a strong absorber whose concentration is highly 

variable in ambient air.  

 

Table 2.3: Summary of CRDS explosive sensors. 

Method Compound(s) detected Specific concentration LOD (3σ) 

UV49 TNT no none 1 ppbv 

Mid-IR51 TNT, TATP, RDX, PETN, Tetryl yes cold finger 1.2 ppbv (TNT) 

Mid-IR51 TNT yes cold finger 75 pptv 

UV47 1,2-, 1,3-, 1,4-DNB, 2,4-, 2,6-DNT no none 0.1 ppbv 

Near-IR48 2,4-DNT, 2,6-DNT, TNT yes none 75 ng 

Visible (cTD-

CRDS 

1,3-DNB, 2,4-DNT, TNT no none 0.5 ppbv 

 

2.4.3 Design Considerations for real world deployment 

The cTD-CRDS in its present form suffers from a relatively large dilution factor (of ~14) due 

to its large sample flow rate requirements. A flow restriction nozzle on the inlet of the cTD-CRDS 

would aid in lowering these flows, reducing the dilution factor and in turn reducing the instruments 

limit of detection. It is also necessary to heat the transfer lines and inlet tubing ahead of the catalytic 

converter to improve the inlet response times. Alternatively, using alternatives to Teflon tubing 

(e.g., PEEK tubing) could help reduce stickiness on the inlets and improve inlet response times. 

Finally, preconcentration (as described in Chapter 3) could help improve detection limits while 

helping reduce inlet transmission problems. 
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It is important to note that several other factors would also need to be optimized for the 

instrument to be applicable for real world deployment. For instance, the catalyst’s long-term 

stability needs to be assessed. During this work, the catalyst conversion efficiency was stable for 

periods of several months when the bubbler was used, which suggests that the current converter 

design is suitable, or close to. A remaining parameter to be fine-tuned is the quantity of catalyst 

used, which has not yet been systematically optimized for continuous cTD-CRDS operation. 

Interferences from ambient compounds needs to also be examined. At 405 nm, the main optical 

absorber in the atmosphere is NO2, which is a highly variable trace gas in the atmosphere. In 

addition, thermal dissociation of peroxyacyl nitrates (PANs) and alkyl nitrates (ANs)55, 65 will also 

be a source of NO2 in the CRDS. While this has not been evaluated, it is expected that the heated, 

uncatalyzed reference channel will enable the subtraction of most of these interfering species. 

Hence, only compounds that dissociate into NO2 upon catalytic oxidation (and are not dissociated 

by the elevated temperatures alone) are expected to interfere. 

 

2.5 Conclusion 

An explosives sensor based upon the catalytic thermal dissociation of nitroaromatic explosives 

to NO2 and subsequent detection using blue diode laser CRDS has been described and detection 

limits of 0.5 ppbv (1 s data) have been demonstrated. Interferences, although limited by the heated 

reference channel still need to be fully explored and assessed. Additionally, the instrument lacks 

the sensitivity required for the less volatile nitroaromatic explosives and would benefit from some 

form of pre-concentration. Pre-concentration is further explored in chapter 3. 
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Chapter Three: Measurements of nitroaromatics by cTD-CRDS with purge and trap 

pre-concentration 

 

3.1 cTD-CRDS limited inadequate limit of detection 

As shown in chapter two, the 2-channel cTD-CRDS is capable of real-time indirect detection 

of the nitroaromatic explosives TNT and DNT via catalytic thermal dissociation in a heated inlet 

containing PtO2 hydrate. However, the detection limit of 500 pptv was too high for real-time 

detection of RDX, PETN, or Tetryl, which are three orders of magnitude less volatile than TNT 

(Table 3.1). The detection of tetryl, for instance, requires an instrument capable of detecting < 7 

pptv. 

 

Table 3.1 Maximum concentration expected for selected explosives. 

Explosive Type 

Saturation Mixing Ratios at 298 K.28 

(pptv/ 10-12) 

TNT Aromatic (9±4)  103 

PETN Alkyl nitrate 11±5 

Tetryl Aromatic ~7 

RDX Nitramide 4.9±1.6 

 

To overcome the inadequate limit of detection a pre-concentration unit (PCU) utilizing Tenax-

TA polymer (poly(2,6-diphenyl-p-phenylene oxide)) as a solvent material was constructed and 

utilized. Tenax was chosen as a sorbent material as it had been demonstrated to work with organic 

nitrates75-77 and has been reported to have a higher adsorption efficiency for TNT and RDX 
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compared to other sorbents (e.g., Carboxen 1000).78  Explosive samples were pre-concentrated 

prior to being sampled by the cTD-CRDS. 

 

3.2 Experimental 

3.2.1 Design of the pre-concentration unit 

A custom PCU was constructed by bending a ~35 cm long tube into a "U" shape of ~5 cm width 

and ~15 cm height (Figure 3.1). Four tube materials were tested: two stainless steel tubes with 

0.312 cm o.d. (0.160 cm i.d.) and 0.635 cm o.d. (0.365 cm i.d), one Silcosteel tube (Restek, 

0.635 cm o.d., 0.365 cm i.d.), and one quartz tube (0.635 cm o.d., 0.365 cm i.d.). A 30 AWG 

nichrome wire (cut to length to a resistance of 70 Ω) was coiled around each trap for resistive 

heating. The wire and traps were then coated with a layer of thermally conductive adhesive cement 

(Resbond 919). A K-type thermocouple was embedded into the cement at the lower end of the 

"U".  

 

Figure 3.1 Design of the Tenax-TA pre-concentration unit (PCU) 
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The cement coating was cured at 523 K for several hours in a fume hood as it off gasses an 

unknown vapor when first heated. The U-tube was then cooled to room temperature and filled with 

~0.15 g of Tenax-TA (Sigma-Aldrich, 60-80 mesh (i.e. size selected using mesh with 60 and 80 

pores per inch resulting in particles that are ~180 - 250 μm in size)) in the case of the larger traps 

and ~0.02 g in the case of the smaller o.d. stainless steel trap. Quartz was chosen over Pyrex wool 

as Pyrex has been observed to reduce NO2 to NO. The sorbent was packed at the bottom of the 

U-tube. Quartz wool (length ~ 1 cm) was added to either side to secure the Tenax in place. The 

sorbent was conditioned under a flow of 60 standard cubic centimeters per minute (sccm) of 

ECD-grade N2 (Praxair) at 523 K for 2 hours followed by a flow of ~1 sccm of He at 523 K for 12 

hours and capped until use. Between experiments, the U-tube was disconnected and capped to 

prevent contamination.  

The U-tube was connected on one end to the cTD-CRDS inlet and sample delivery setup via 

0.635 cm o.d. and 0.476 cm i.d. fluorinated ethylene propylene (FEP) Teflon tubing and 

polytetrafluoroethylene (PFA) Teflon compression fittings (Entegris Fluid Handling, Figure 3.2). 

This section of tubing (and fittings) was wrapped with a line heater (Watlow 

STRETCH-TO-LENGTH® series, not depicted) and heated to 100 °C to prevent re-condensation 

of high concentrations of sample gasses desorbed from the trap. The other end was connected to a 

pair of 3-way solenoid operated diaphragm valves (Entegris Galtek® series) whose common ports 

were connected to the ends of a 5-slpm MFC (purchased from MKS) as shown in Figure 3.2. The 

normally closed (nc) port of one of two 3-way valves was connected to a line containing 

ECD-grade N2 (Praxair) at a pressure of ~5 psi, and the normally open (n.o.) port of the other 

3-way valve was connected to vacuum pump (Figure 3.2). 
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Figure 3.2 Schematic of the pre-concentration unit (PCU, surrounded by dashed line) and 

sample delivery setup (solid line). ZA = zero air. MFC = mass flow controller. n.o. = normally 

open. schematic is not to scale. 

 

3.2.2 Generation of explosive vapors 

A 3-neck glass vessel (Figure 3.2) was used for sample delivery. Before loading a sample, the 

vessel was cleaned with acetone (Sigma-Aldrich, HPLC grade) and flushed with O2 gas at a flow 

rate of ~50 sccm set using a regulator back pressure of 20 psi and a 50 μm i.d. critical orifice 

(Lennox Laser) for 24 hours. Before loading of a new sample, the output of the empty glass vessels 

was analyzed (by cTD-CRDS) to verify that no NO2 producing residues were present from prior 

runs.  

Solutions containing TNT, Tetryl, RDX, or PETN at a concentration of 1000 μg/mL in a 1:1 

mixture of methanol and acetonitrile solvent were obtained from AccuStandard and refrigerated 

until use. To prepare a sample for experiments, the solution was transferred to a glass vessel which 

was then flushed with O2 for ~1 week to remove the solvent and precipitate the explosive. Removal 
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of acetonitrile was necessary as it gave rise to signal in the cTD-CRDS (chapter 2.2.5). Dried TNT 

appeared as small, dark yellow globules. Tetryl was yellow and crystalline when dried. RDX was 

a translucent white powder. PETN was a white crystalline solid. 

Sample vapor was eluted from the vessel using ultrapure, or "zero", air (ZA, Praxair) at a flow 

rate of ~50 sccm set using a regulator back pressure of 20 psi and a 50 μm i.d. stainless steel critical 

orifice (Lennox Laser). The flow through the vessel was continuous and not interrupted to achieve 

a stable output concentration. Delivery of the gas was on/off modulated with a 2-way normally 

open (n.o.) solenoid valve (Cole Parmer EW-01540-10) connected to a vacuum pump. With this 

setup, sample delivery could be square-wave (i.e., on/off) modulated with a response time of < 1 

s.62 

The main inlet was "overflown" with up to 2 slpm of ZA with the aid of a MFC (MKS, not 

depicted in Figure 3.2). This overflow diluted the gas concentrations below their saturation 

pressures and minimized condensation and memory effects within the cTD-CRDS inlet. 

 

3.2.3 Automated pre-concentration procedure 

Valve operation was automated using LABVIEWTM software in a cycle that consisted of six 

intervals: "Sample" (variable duration), "Zero" (30 s), "Flush" (5 s), "Heat" (85 s), "Desorb" (30 s), 

and "Recover" (240 s). The software allowed the duration of each interval to be changed "on the 

fly", if desired. 

During the "Sample" period, both the cTD-CRDS and the PCU drew air from the inlet (blue 

arrows, Figure 3.2), i.e., the cTD-CRDS monitored ambient air while the trap was being loaded. 

This preserved the ability of the cTD-CRDS to monitor more volatile explosives (e.g., TNT54) in 
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real time. The MFC was set to a flow of 200 sccm during all periods; the flow rate was limited by 

the conductance of air through the sorbent material. 

During the "Zero" period, the sample was taken offline (red arrow in Figure 3.2) to determine 

the ring-down time constants in the absence of optical absorbers (τ0).  

Next, the PCU was back-flushed with ECD grade N2 (Praxair) to remove the oxygen present in 

air that would degrade the Tenax polymer when heated.76 Flow through the trap was then stopped 

and the trap was heated at a rate of ~10 °C /s to 190 °C.  

Once this temperature was reached, N2 carried the sample to the cTD-CRDS during the 

"Desorb" stage (green arrows, Figure 3.2). The delayed flow sharpened the desorption peak, 

improving sensitivity.  

During the "recovery" period, an external fan was activated (not shown in Figure 3.2), to speed 

up recovery of the trap’s temperature to ambient. The trap was back-flushed with N2 during this 

period. 

 

3.2.4 Detection of nitrogen containing explosives by cTD-CRDS 

The explosive vapors were detected using a modified version of the 2-channel cTD-CRDS 

described in chapter 2. To prevent low vapor pressure compounds from condensing and in turn 

minimizing (inlet) memory effects and speeding up instrument response (e.g., the earlier version 

required approximately 2 min to obtain a stable sample signal and about 3 min to achieve a zero) 

the inlet was externally heated to ~90 °C with a line heater (Watlow). 

The thermal decomposition of TNT, PETN, and RDX has been reported to yield NO (in addition 

to NO2).
50 Further, partial reduction of NO2 to NO in the heated quartz tubing was observed on 

several occasions. The reasons for the reduction of NO2 are not clear but the intermittency suggests 
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a matrix effect might be the issue. The reduction of NO2 by atomic oxygen generated from O3 is 

possible.60 For the PCU cTD-CRDS experiments, a 20 sccm flow of ~1 ppm O3 in O2 (which is 

well in excess of the amount of NO that might be present) was added after the quartz converter 

and prior to the CRDS measurements cells; this excess O3 oxidized any NO that may have formed 

back to NO2.
79 The O3 was produced by flowing O2 past a 185 nm pen ray mercury lamp (Jelight) 

and splitting the flow evenly between the two channels using a pair of critical orifices (20 μm, 

Lennox Laser). 

 

3.3 RESULTS 

3.3.1 Pre-concentration of TNT 

Figure 3.3 shows a sample time series of a TNT pre-concentration cycle.  

 

Figure 3.3 Sample time series of TNT pre-concentration. A TNT sample (0.8±0.1 ppbv) was 

preconcentrated for 300 s before being desorbed and detected by the cTD-CRDS. 
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In the example presented in Figure 3.3, TNT was preconcentrated for 300 s prior to being 

desorbed in ~8.5 seconds. During sampling the catalytic channel measured 0.8±0.1 ppbv of TNT 

from the source. The small negative signal (-0.16±0.05 ppbv) observed in the reference channel 

during sampling and desorption coincides with pressure changes in the system upon switching 

flows in the pre-concentration MFC. Additionally, during desorption the reference channel also 

measured NO2. To account for the negative offset as well as the reference channel NO2, the 

difference between catalytic and reference channels (ΔNO2) was used for all further analysis. 

In the sample time series presented above, the TNT preconcentrated in the desorption stage 

(area sampled) was integrated and was approximately equal to the average mixing ratio multiplied 

by the time sampled ((1.05±0.08) ppbv  300 s = 315 ppbv  s). The signal observed due to 

desorption (area desorbed), after subtracting the TNT from the source, was integrated and found 

to be 2.1 ppbv  s. Upon factoring in the rates of the sample flow (200 sccm) over instrument flow 

(1.1 slpm), the corrected area observed (corrected area desorbed) was 11.3 ppbv  s of desorbed 

TNT. Only a fraction (3.6±0.3 %) of the sampled TNT was recovered from the trap. Nonetheless, 

the peak observed during recovery was larger  

 

3.3.1.1 Pre-concentration of TNT as a function of time 

For a well-behaved purge and trap system the area desorbed is expected to increase with sample 

pre-concentration time. Experiments, similar to the example presented in Figure 3.3, were 

performed using different sample pre-concentration times. Pre-concentration times were randomly 

selected to avoid a possible consistent memory effect from skewing the data. A plot of the desorbed 

area, after flow correction, as a function of area sampled (a proxy for sample pre-concentration 

time given that the TNT signal was relatively stable) is provided in Figure 3.4. The trapping 
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efficiency remains low even at lower pre-concentration times. Comparing the corrected area 

desorbed to the area sampled (see above) the trapping efficiency was found to be 16±4 % for TNT 

when less than 75 ppbv  s (60 s pre-concentration time) was sampled. Above 60 seconds of 

pre-concentration linearity was lost and the trapping efficiency decreased. As the instrument was 

capable of obtaining zeros when only ZA was sampled the fit was forced through zero. 

 

Figure 3.4 Corrected area desorbed as a function of area sampled for TNT. Black data 

points were excluded from the fit as they are not in the linear portion of the graph. 

 

3.3.2 Conversion efficiency with modified cTD-CRDS 

If saturation vapour pressure (9±4 ppbv)28 was achieved in the 3-neck glass vessel, and factoring 

in the dilution of the TNT source flow with the instrument flow of 0.046 (50 sccm/ 1091 sccm), 

0.41±18 ppbv of TNT are expected to reach the cTD-CRDS inlet. Here 1.05±0.08 ppbv were 

observed during sampling, providing a ratio of 2.5±1.1. Complete conversion of TNT, to NO2, 
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would yield 3 equivalents of NO2 (if complete conversion is assumed). When the instrument was 

operated without O3 addition after the converter lower conversion efficiencies were observed 

(chapter 2.4.1).  

 

3.3.3 Pre-concentration of PETN, Tetryl, and RDX 

Figure 3.5 shows sample time series of pre-concentration and desorption of PETN, Tetryl and 

RDX. Experimental conditions were the same as those described in section 3.31. In each case there 

is no response during pre-concentration and a large signal during desorption. A non-zero reference 

is seen in the reference channel for all desorption peaks.  

As the instrument was unable to measure mixing ratios during the sampling phase, an estimate 

of the sampled area was made possible by assuming that saturation vapour pressure was reached 

in the 3-neck glass vessel and factoring in flow dilution. For PETN, a saturation vapour pressure 

of 11±5 pptv is expected. Upon factoring in the dilution of the source flow by the instrument flow, 

accounting for the 300s sampling time, and a possible 4 NO2 equivalents per PETN molecule 

sampled, an upper limit of the sampled area is 605±275 pptv  s (11±5 pptv  4  0.046 (flow 

dilution factor)  300 s). The signal observed during desorption was much larger 

(15.0  103 pptv  s) then this upper limit. Similarly, the observed desorption areas for Tetryl and 

RDX were greater than can be rationalized by the compounds’ respective saturation vapor 

pressures (Table 3.2).  
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Figure 3.5. Sample time series of (A) PETN, (B) Tetryl, and (C) RDX pre-concentration. 

Samples were preconcentrated for 300 s before being desorbed and detected by the cTD-

CRDS. 
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Table 3.2 Upper limit of sampled area based on saturation vapor pressure for TNT, PETN, 

Tetryl and RDX when sampled for 300 s. 

Explosive NO2 equivalents 
Upper limit of sampled area 

(pptv  s) 

Observed desorption area 

(pptv  s) 

PETN 4 605±275 15.0  103 

Tetryl 4 385 5.4  103 

RDX 6 404±132 7.6  103 

 

3.4 Discussion 

3.4.1 Improved cTD-CRDS conversion efficiency 

An improved TNT to NO2 conversion efficiency of 2.5±1.1 was observed with the modified 

TD-CRDS. As had been noted in chapter 2, quantitative conversion of TNT should yield 3 

equivalents of NO2 but only 1 equivalent of NO2 was observed during analysis with cTD-CRDS. 

Titrating the cTD-CRDS inlet with O3 upon catalytic conversion led to an increase in this 

efficiency. As O3 reacts with NO to form NO2, this confirms suspected50 NO formation during 

TNT conversion in the cTD-CRDS inlet either directly or via reduction of NO2. In either case, 

adding O3 to the inlet allowed a greater conversion efficiency to NO2 and further improved the 

instrument response to TNT. 

 

3.4.2 Pre-concentration of TNT 

Results of TNT pre-concentration on Tenax show disappointing trapping efficiency with only 

3.6±0.3 % of the trapped TNT being recovered during desorption. Although Tenax was anticipated 

to exhibit a high recovery based on previous effective pre-concentration of organic nitrates,75 it 

failed to perform adequately with TNT, a nitroaromatic compound. This result is consistent with 

Wojtas et al.78 who reported a trapping efficiency of “~10%” for TNT on Tenax after 5 minutes of 

preconcentration. Furthermore, upon sampling from the Tenax trap, the trap outflow was diluted 
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prior to reaching the cTD-CRDS. This mismatch between the flows through the Tenax trap, limited 

by the flow through the packed Tenax, and the instrument flow greatly reduced the signal to noise 

ratio. Pre-concentration on Tenax failed to provide a signal to noise enhancement while reducing 

the time resolution of the instrument. The utility of cTD-CRDS for the measurements of TNT is 

as such very limited.  

3.4.2.1 Sample recovery may be influenced by heating temperature/mechanism 

The observations presented for TNT in chapter 2 and in section 3.2 above demonstrates that 

TNT may be converted to NO2 and NO using the PtO2 catalyst employed. Brill and Keneth56 found 

that the temperature used and the rate at which energy was added to nitroaromatic explosives can 

affect the decomposition mechanism. Lower temperatures (perhaps similar to those present during 

desorption) promote pathways with smaller activation energies and more exothermicity.56 

Similarly, slower heating gives more time for intermediates to form and change the product 

distribution compared to faster heating or higher temperatures.  

While the catalytic channel replicates very high temperature conditions for a short residence 

time, the heat applied to the sample during desorption can promote alternate decomposition. For 

example, TNT thermally dissociates below 573 K with isolatable quantities of 1,3,5-

trinitrobenzene (TNB), 2,4-dinitroanisole, 2,4,6-trinitrobenzyl alcohol, 2,4,6-trinitrobenzoic acid 

and NO2.
80 At 473 K, TNB was not formed and instead 2,4,6-trinitrobenzaldehyde and a variety 

of azo dimers were observed.81 Although all of these products would be expected to dissociate 

themselves in our converter they could potentially do so without producing NO2 (e.g. proceed to 

produce N2O as has been observed for PETN).82 Such behaviour during desorption (or in the 

cTD-CRDS converter) could be contributing to the low concentrations recovered. Additionally, 
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this mechanistic variation could help explain the varying levels of success preconcentrating 

explosives with Tenax.78, 83 

 

3.4.2.2 Background signal in reference channel 

The reference channel responded to desorption of TNT from the pre-concentration trap. The 

source of this response is uncertain but is perhaps a by-product of Tenax decomposition. Tenax 

has been demonstrated to produce degradation products under oxidizing conditions and heat.76 

Heating the Tenax trap when sampling zero air alone gave no observable signal in either of the 

cTD-CRDS channels indicating that the presence of trapped TNT contributed to the signal 

observed in the reference channel. If TNT trapped on the Tenax began to fragment, due to a 

heterogenous decomposition process, decomposition fragments could be responsible for inducing 

Tenax deterioration at the low temperatures employed for desorption. This is consistent with the 

proposed decomposition of TNT during the heating phase proposed in section 3.4.2.1. 

 

3.4.3 Pre-concentration of PETN, Tetryl and RDX 

Although pre-concentration results appear at first glance promising, with PETN, Tetryl and 

RDX all giving signals upon pre-concentration, a more detailed examination is troubling. Firstly, 

the trend in the size of the desorption peaks (PETN>RDX> Tetryl) did not track with the trend in 

saturation vapour pressures (PETN>Tetryl>RDX).  However, even upon assuming saturation 

vapour pressure was achieved in the sample glass traps the expected upper limit preconcentrated 

was smaller than the areas observed during desorption from the trap. As it is unlikely that all three 

molecules have such large errors in their literature reported saturation vapor pressures it is likely 

that the cTD-CRDS is responding to one or more interferences. 
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As care was taken to ensure that species were dried and free of acetonitrile it is possible that the 

drying process allowed some explosive degradation/decomposition to occur. As no measurable 

signal was observed prior to desorption the measured species appears to be formed during 

desorption from the Tenax trap or because of the interaction of the explosive vapors or their 

degradation products with the Tenax material. The absence of a response also suggests there was 

no cross-contamination or memory effects in connecting tubing. Further testing would be required 

to gain more insight into the nature of these interfering species. Until such time as this interference 

is understood, the cTD-CRDS is not suitable for the measurement of PETN, Tetryl, or RDX. 

 

3.4.4 A note regarding the Tenax trap and its durability 

The current setup uses an Omega CSi32 bench top controller that was used to ramp heat as fast 

as possible to reach a set point. The ramp rate varied by up to 5 K/s for different trials and often 

overshot the setpoint. The final desorption temperature also varied by ±5 K. As temperature may 

be critical to the products distribution and the mechanism of decomposition, a fast and consistent 

ramp rate is ideal. The cTD-CRDS setup would as such benefit from a more precise heating system.  

The repeated heating of Tenax at high temperatures leads to irreversible background noise by 

thermal and oxidative degradation.76 The increasing background noise during recovery was 

noticed slightly during TNT sampling towards the end of the sampling period. The background 

signal was noticeable with the trap after approximately 80 desorption cycles. The lifetime of the 

Tenax pre-concentration unit should be investigated further under the experimental conditions to 

evaluate the long-term durability of the trap. 

Oxidative degradation of Tenax polymer forms many artifacts that have not fully been 

characterized.76 The effect of strong oxidizing agents on Tenax is discussed throughout literature 
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and O3 and NO2 are among the most common oxidizing agents that reduce the longevity of the 

Tenax sorbent.76, 84 All three of these gasses may potentially form in the Tenax trap during 

desorption if decomposition of the explosive is initiated. Furthermore, these gases are produced in 

the cTD-CRDS converter. When not in operation or during the shut down procedure, the mirror 

purge flows create a very small flow of zero air in the reverse direction through the instrument. 

Residual amounts of O3, NO2, and NO may be directed towards the Tenax pre-concentration unit 

and cause it to degrade. Such degradation pathways must be reduced (e.g. by capping the trap 

when not in use) and an alternative sorbent material utilized if possible (e.g. a nitroaromatic 

selective cavitand sorbent material85). 

  

3.5 CONCLUSIONS 

Trace detection of TNT vapors by cTD-CRDS with automated pre-concentration has been 

described and demonstrated. Preconcentration did not provide the anticipated signal to noise whilst 

reducing the time resolution of the instrument making it ineffectual. Furthermore, Tenax was found 

to degrade upon use with TNT and a more robust sorbent material is needed. Finally, trapping 

PETN, Tetryl, and RDX on Tenax gave rise to an unexplained interference. Understanding the 

nature of the interference and its formation chemistry is required prior to pursuing further trapping 

studies with Tenax. 
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Chapter Four: Peroxy Radical Chemical Amplification for the Detection of TATP 

In this chapter the feasibility of utilizing peroxide radical chemical amplification (PERCA) for 

the detection of TATP is explored. A modelling study on PERCA chain carriers demonstrating the 

utility of ethane as a chain carrier was examined. The effect of elevated temperature on PERCA 

chemistry was also investigated. 

 

4.1 TATP and other organic peroxide explosives 

Organic peroxide explosives are increasingly common in terrorist attacks.15 Some examples are 

shown in Figure 4.1. Their usage by the military and industry has been limited due to the relative 

ease with which peroxide explosives detonate.2, 12 This hazardous property of peroxide explosives 

makes them an ideal candidate for illegal use by those who are capable of safely formulating them 

or accept such risks.2 The most notorious peroxide explosive is TATP (also referred to as the 

“mother of Satan”); it’s detection will be the focus of this chapter. 
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Figure 4.1 Organic peroxide explosives 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane (DADP), 

3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-hexaoxonane (TATP), and 

3,4,8,9,12,13-hexaoxa-1,6-diazabicyclo[4.4.4]tetradecane (HMTD). 

 

In spite of TATP's relatively high room-temperature vapor pressure of ~50 mTorr,28, 86-87 its 

detection at security check points remains a challenge because it does not contain distinguishing 

features such as a nitro group, metallic elements, or characteristic UV-Vis or fluorescence spectra 

which are utilized to detect other classes of explosives.88-92 Because of this need, a variety of 

instrumental techniques for detection of TATP vapors have been developed. These include ion 

mobility spectrometry (IMS),30, 39 atmospheric pressure chemical ionization mass spectrometry 

(APCI-MS),39 cold electron impact ionization mass spectrometry coupled to fast gas 

chromatography,93 photoacoustic spectroscopy,89 stand-off detection in the mid-infrared,94 

hydrogen peroxide indicators,95 chemiluminescence following digestion with horseradish 

peroxidase,96 high performance liquid chromatography,97 and electrochemical,98 colorimetric,99 

biochemical,100 and semiconductor101 sensors. However, none of these methods has found 

widespread use with security agencies to date due to either high acquisition costs, requirement for 

a skilled operator, and/or lack of robustness in the field. Additionally, many of these techniques 
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require swabbing an individual or their luggage and are as such inefficient. Hence, the 

development of new and improved methods for real-time detection of TATP vapor continues to 

be of interest. 

 

4.1.1 Triacetone Triperoxide (TATP) undergoes an entropic explosion 

Our fundamental understanding of peroxide explosives is not as complete as our understanding 

of other classes of explosives.1-2 Although the O-O bond is a source of oxygen, the  stoichiometry 

is insufficient to oxidize the majority of the carbon and hydrogen atoms in the molecule. Organic 

peroxides such as DADP, HMTD, and TATP contain several peroxide linkages and are as such 

more explosive. This was initially thought to be a result of more appropriate stoichiometry 

allowing for a greater extent of oxidation. However, a recent study discovered large proportions 

of acetone in the post-blast residues of DADP and TATP.12, 14, 90 A theoretical study that followed 

proposed that the explosion of peroxide explosives is not a rapid oxidation but an extremely 

efficient multistep entropic explosion.12 TATP was studied as the model organic peroxide 

explosive and was found to thermally dissociate via several acetone losses. The dissociation 

scheme presented (Figure 4.2) included peroxy radical intermediates. Their detection will be 

attempted in the following chapters. 

 

 

Figure 4.2 TATP thermal decomposition scheme as proposed by Dubnikova et al.12 
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4.1.2 Peroxy radical chemical amplification (PERCA) of atmospheric peroxy radicals 

Peroxy radicals such as the hydro and methyl peroxyl radicals (HO2 and CH3O2) are important 

trace constituents of the atmosphere.102-103 Derived mainly from reaction of the atmosphere's chief 

oxidant, the hydroxyl radical (HO), with either carbon monoxide (CO) or hydrocarbons (RH), they 

are involved in the photochemical production of ozone (O3) in the troposphere,104-105 the catalytic 

destruction of O3 in the stratosphere,106-107 and the chemistry of organic aerosol formation.108-110 

In spite of their central role in atmospheric chemistry, concentrations of HO and HO2 are small 

and peak from ~106 to ~107 molecules cm-3 and from ~108 to ~109 molecules cm-3, respectively,111 

such that highly sensitive and specialized methods are required for their quantification. One such 

method is PERCA.112  

In PERCA, concentrations of atmospheric ROx (= HO + HO2 + RO2) radicals are amplified 

by factors of between ~20 to ~190 through a series of catalytic reaction steps, usually involving 

parts-per-million by volume (ppmv) concentrations of nitric oxide (NO) and percent levels of 

either carbon monoxide (CO)112-130 or more recently a short chain hydrocarbon such as ethane 

(C2H6)
118, 131 (Figure 4.3). Under these conditions, the peroxy radicals catalytically convert NO to 

NO2, and the amount of NO2 produced over a constant reaction period is proportional to the 

number of radicals that were present originally. 
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Figure 4.3. Peroxy radical chemical amplification cycle with a hydrocarbon (shown in red) 

or carbon monoxide (shown in blue). Radical sinks are not shown.  

 

 

A key operational parameter of any PERCA instrument is the radical chain length or 

amplification factor (𝐶𝐿 =  
𝑁𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑃𝐸𝑅𝐶𝐴

𝑅𝑂2 + 𝐻𝑂2 𝑖𝑛𝑝𝑢𝑡
) which must be carefully calibrated. This chain 

length is suppressed by water vapor, whose presence increases the rates of radical loss on the inner 

walls of the PERCA chamber and the rates of certain gas-phase reactions, e.g., the reaction 

between the hydroperoxyl radical - water dimer (HO2·H2O) with NO to form peroxynitrous acid 

(HOONO) which can isomerize to nitric acid (HONO2).
118, 132, 133   

The most obvious way to minimize wall reactions is to apply heat. However, this is usually 

avoided as heating the inlet dissociates thermolabile radical reservoir species, i.e., peroxy nitrates 

(PN, RO2NO2) which include peroxynitric acid (HO2NO2, PNA), methyl peroxynitrate 

(CH3O2NO2, MPN), and the peroxycarboxylic nitric anhydrides (RC(O)O2NO2, PANs). These 
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molecules are generated in the atmosphere from reactions between RO2 radicals with NO2, which, 

amongst other things, moderates the rate of photochemical O3 production by (at least temporarily) 

removing the active species (i.e., HO2, RO2, and NO2) involved. The PN and PANs are generally 

more abundant than their free radical precursors in the troposphere: daytime mixing ratios peak in 

the range from 10s to a few 100s of parts-per-trillion by volume (pptv, 10-12) for HO2NO2 to several 

parts-per-billion by volume (ppbv, 10-9) in the case of peroxyacetic nitric anhydride (PAN). Thus, 

these molecules have considerable interference potential even if only a small fraction dissociates 

in a heated PERCA inlet. 

 

4.1.2.1 Considerations for TATP detection using PERCA 

Coupling a thermal dissociation inlet to a PERCA instrument potentially provides a novel 

means of TATP detection. TATP’s thermal dissociation has been previously characterized and 

TATP has an activation energy (Ea) of 151 kJ mol-1 and a pre-exponential factor of 3.751013 s-1.14 

This is similar to the thermal dissociation of alkyl nitrates (Ea of 150-180 kJ mol-1, A of ~1014 s-

1)57-58, 134-135 which are commonly measured using thermal dissociation inlets. 

The nature of the PERCA method, particularly when coupled to a fast NO2 measurement such 

as CRDS, should allow for continuous and rapid measurement of TATP. Employing a TD inlet 

should help reduce wall losses and improve radical chain lengths. However, these improved radical 

chain lengths will be at the expense of increased interferences from PNA and PAN in ambient air. 

Nonetheless, PNA and PAN are not expected to vary drastically on the time scales needed for rapid 

screening of explosives at a transportation hub or checkpoint. 

As TATP is relatively volatile (~70 ppm at room temperature),86-87, 136 conversion of a small 

fraction of the peroxide radicals, produced during decomposition, to NO2 via reaction with NO 
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should allow for indirect detection of TATP as NO2 instrumentation is capable of sub-ppbv 

measurements. However, deliberate concealment of explosives can reduce their observed mixing 

ratios by an estimated factor of ~1000,17 increasing the need for highly sensitive instrumentation. 

Amplification of the signal generated by TATP radicals with PERCA should provide adequate 

sensitivity for detection of TATP even after deliberate concealment. 

 

4.1.2.2 Alternative chain carriers 

Perhaps one of the most important considerations for a TATP measurement using TD-PERCA 

is the choice of chain carrier. The chain carrier needs to be highly reactive towards HO (by having 

both high mixing ratios and rate coefficients with respect to reaction with HO) to compete with 

chain terminating HO reactions such as wall losses. An appropriate chain carrier needs to be safely 

deployed alongside the instrument at an airport or security checkpoint. As such, CO, although a 

commonly employed chain carrier is not an attractive choice because of its high toxicity. A 

modelling study by Anastasi, Gladstone and Sanderson137 examined ethene, propene, ethanol, and 

dimethyl ether as alternative chain carriers. The Anastasi study found all alternative chain carriers 

were predicted to have higher chain lengths than CO. Alkenes, however, are not feasible as PERCA 

chain carriers as they can react with O3 in ambient air and generate Criegee biradicals. Ethanol, 

was deemed too non-volatile and the authors speculated that introducing elevated mixing ratios 

into the PERCA reactor would be an issue. Dimethyl ether was suggested as an appropriate 

alternative although no papers since appear to have attempted PERCA with dimethyl ether. A 

modelling study focusing on alternative chain carriers, mainly alkanes, was conducted and is 

detailed below. Recently, Wood et al.131 published their work successfully utilizing ethane as a 



 

67 

PERCA radical chain carrier. This led to a focus on ethane as a radical chain carrier in the 

remaining modelling work. 

 

4.1.2.3 Effect of increased temperature on PERCA 

Besides the choice of chain carrier, the other key factor contributing to radical chain lengths 

and amplification is temperature. By its nature TD-PERCA will require heating to induce thermal 

dissociation. As this is novel, the effect of these elevated temperatures on radical chemistry in the 

PERCA reactor will be explored through modelling (this chapter) and experiment (chapter 5). As 

ethane was ultimately used as a chain carrier in experimental work, it was the focus of the elevated 

temperature modelling study (sections 4.2.2 and 4.3.2). 

The chemistry in an ethane PERCA reactor is outlined in Table 4.1 below. The main radical 

chain carrying reaction between HO and C2H6 (R4.4) has a positive activation energy and is 

expected to proceed more rapidly upon addition of heat to the PERCA reactor. However, all NO 

radical reactions, those that produce NO2 (R4.1, R4.3, R4.5), including the reaction between HO2 

and NO the ultimately produced HO, have negative activation energies and are expected to slow 

down upon the addition of heat. In addition, one major limitation is that kinetic data for many 

reactions are based on measurements at room temperature or colder and, therefore, rate constants 

are only extrapolated to the high temperatures explored here. 

 

4.1.2.4 General PERCA modelling considerations 

Models simulating PERCA reaction chambers need to make assumptions about the magnitudes 

and temperature dependencies of wall loss rates and rate coefficients for chain-terminating 

reactions such as RONO formation131 to reproduce experimental data. Thus, simulations are poor 
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a priori predictors of experimental chain lengths and should not be viewed as such. Nonetheless, 

the modelling results here were used to shed some light onto experimental results and trends. The 

experimental work is discussed in detail in Chapter 5.  

 

 Table 4.1 List of chemical reactions*  

Number Reaction 
k 

(cm3 molecule-1 s-1) 

k298K 

(cm3 molecule-1 s-1) 

R4.1 CH3O2 + NO  CH3O + NO2 2.3×10-12 × e(360/T) 7.7×10-12 

R4.2 CH3O + O2  HCHO + HO2 7.2×10-14 × e(-1080/T) 1.9×10-15 

R4.3 HO2 + NO  HO + NO2 3.5×10-12 × e(270/T) 8.5×10-12 

R4.4 C2H6 + HO + O2  H2O + C2H5O2 6.9×10-12 × e(-1000/T) 2.4×10-13 

R4.5 C2H5O2 + NO  C2H5O + NO2 
2.55×10-12 × e(380/T) × 

0.99*** 
9.1×10-12 

R4.6 C2H5O + O2  CH3CHO + HO2 2.4×10-14 × e(-325/T) 8.1×10-15 

R4.7 HO + NO + M  HONO + M 
7.4×10-31 × (T/300)-2.4 × 

[M] 
9.7×10-12 ** 

R4.8 HO2 + NO2 + M  HO2NO2 +M (termolecular) (termolecular) 

R4.9 HO2 + HO2 + M  H2O2 + M (termolecular) (termolecular) 

R4.10 
CH3O2  0.330 CH3O + 

0.335 HCHO + 0.335 CH3OH 

1.8×10-13 × e(416/T) × 

ΣRO2 

7.4×10-13 × 

ΣRO2 

R4.11 
C2H5O2  0.6 C2H5O + 0.2 CH3CHO 

+ 0.2 C2H5OH 
3.1×10-13 × ΣRO2 

3.1×10-13 × 

ΣRO2 

* Rate constant expressions are from the Master Chemical Mechanism (MCM),138-139 version 3.3.1, 

except R7 and R9, which are from Kabir et al. 140 

** calculated using [O2] = 4.21018 molecules cm-3 
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4.2 Model Description 

4.2.1 Role of chain carriers on amplification 

To assess the efficacy of different molecules as PERCA chain carriers box model simulations 

were carried out using a subset of reactions in the "Master Chemical Mechanism" (MCM) V3.3.1 

obtained from http://mcm.leeds.ac.uk/MCM and simulated using AtChem online (V1.5).138-139, 141 

The chain carriers examined were: CO, methane (CH4), ethane (C2H6), propane (C3H8), butane 

(C4H10), pentane (C5H10), hexane (C6H14), ethene (C2H4), ethyne (C2H2), propene (C3H6), ethanol 

(C2H5OH), and dimethyl ether (CH3OCH3). The MCM subset was obtained by “marking” the 

chain carriers that were examined and extracting the mechanism from the MCM. This resulted in 

a subset of the MCM with 531 species and 1648 reactions. 

As per Wood and Charest,125 model simulations were initiated with 8.7 % of the chain carrier 

and 3.3 ppmv of NO. In a similar fashion to the simulations carried out by Anastasi et al.137 and 

others, plug flow modelling was used. The model simulations were initiated with an input of 

15 pptv CH3O2 and allowed to proceed for 30 seconds. The model assumes a static reaction vessel 

without non-chemical addition or removal of species (i.e. no transport or wall exchange reactions). 

As mentioned above, models are poor a priori predictors of experimental chain lengths 

particularly when they do not account for radical losses. However, incorporating radical losses 

requires assumption about the magnitudes and temperature dependencies of wall loss rates. 

Nonetheless, models greatly overestimate chain lengths when wall losses are not incorporated into 

the model. To get some sense of the effect of wall losses on the various PERCA chain carriers 

examined, wall losses were added to the model with a wall loss rate of 2.5 s-1 (as per Hastie et 

al. 114) for all radical species. 

 

http://mcm.leeds.ac.uk/MCM
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Table 4.2 Model inputs for simulations run with the different chain carriers at 25 °C 

 Mixing Ratio 
Number density 

(molecules cm-3) 

M - 2.14 × 1019 

NO 3.3 ppmv 7.06 × 1013 

chain carrier 8.7% 1.86 × 1018 

 

4.2.2 Effect of heat on ethane radical chemistry and amplification 

4.2.2.1 MCM only simulations 

Box model simulations were carried out using a subset of the MCM V3.3.1 and the Kinetic 

Preprocessor (KPP).142 KPP was used instead of AtChem online for the remaining simulations as 

it allowed more control over the model (e.g. time steps less than 1s, extra model subroutines that 

run alongside the chemistry, etc.). The chemistry taking place in the PERCA reactor was modelled 

at temperatures of 25 °C or 250 °C. The ethane subset was selected from the MCM by adding 

ethane to the marked list and extracting the subset in KPP format along with inorganic reactions 

and generic rate coefficients. The resultant subset of the MCM contained 58 species and 163 

reactions. Once again, a plug flow modelling approach was used where initial conditions and 

mixing ratios were set and the model allowed to proceed without any additional inputs or outputs. 

Simulations were performed using the optimized PERCA reagent gas concentrations (i.e., 650 

ppbv NO; 1.65 % ethane (see chapter 5 section 5.3.3)) at either 25 °C or 250 °C. Table 4.3 provides 

an overview of the model inputs. The model runs were also initialized with an initial input of 15, 

100, 300, 600, 900, or 1200 pptv of either HO2 or CH3O2.  
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Table 4.3 Model inputs for simulations run at 25 °C and 250 °C 

 
Mixing Ratio 

Number density at 25 °C 

(molecules cm-3) 

Number density at 250 °C 

(molecules cm-3) 

M - 2.14 × 1019 1.22 × 1019 

NO 650 ppbv 1.39 × 1013 7.92 × 1012 

C2H6 1.65% 3.53 × 1017 2.01 × 1017 

O2 20.1% 4.29 × 1018 2.45 × 1018 

N2 77.6% 1.66 × 1019 9.46 × 1018 

 

4.2.2.2 Inclusion of HO2·H2O cluster formation in the mechanism 

Mihele and Hastie 132 identified the HNO3 forming reaction between HO2·H2O and NO as an 

important relative humidity dependent radical sink reaction. Formation of HO2·H2O is not part of 

the MCM. To estimate the temperature dependent formation of HO2·H2O cluster, it was assumed 

that equilibrium between the cluster and HO2 and H2O was established at every model time step 

(0.1 s). The equilibrium rate constant reported by Kanno et al. 143: 6.610-17  T  e(3700/T) was 

used. Two reactions of HO2·H2O were added: reaction with HO2 leading to loss of radicals 

(k = 6.010-13 cm3 molecule-1 s-1) 143 and reaction with NO leading to HNO3 formation (k = 5.410-

11e(-410/T) cm3 molecule-1 s-1).144-145 

 

4.2.2.3 Inclusion of wall losses in the mechanism 

In a separate simulation radical wall losses were added to the KPP model with the rate constants 

reported by Mihele et al. 133 of 2.8 s-1 and 0.8 s-1 for HO2 and RO2, respectively. 
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4.2.2.4 Inclusion of ethyl nitrite and ethyl peroxy nitrate formation in the mechanism 

A potentially important radical chain termination reaction not included in the MCM is that 

between C2H5O and NO:118, 131  

C2H5O + NO → C2H5ONO       R4.12 

The rate of this reaction decreases slightly with temperature: At a pressure of 660 Torr and 

using kinetic parameters from NASA’s Jet Propulsion Laboratory’s Chemical Kinetics and 

Photochemical Data evaluation #18 (Burkholder, et al. 146), the rate coefficient decreases from 

4.810-11 to 3.910-11 cm3 molecule-1 s-1 between 25 °C and 250 °C. Ethyl nitrite thermally 

decomposes: 

C2H5ONO 
∆
→ C2H5O + NO       R4.13 

The activation barrier for TD is ~157 kJ mol-1 (Steacie and Shaw 147) and has a lifetime with 

respect to thermal decomposition of ~40 s at 250 °C; this implies that for temperatures between 

25 °C and 250 °C, ethyl nitrite will not significantly decompose and constitutes a radical sink. 

Another potentially important radical chain termination reaction not included in the MCM is 

that between C2H5O2 and NO2:
131 

C2H5O2 + NO2 → C2H5O2NO2       R4.14 

 The rate of this reaction also decreases slightly with temperature: at a pressure of 660 Torr and 

using the kinetic parameters from Burkholder, et al. 146, the rate coefficient decreases from 

8.810-12 to 8.510-12 cm3 molecule-1 s-1 between 25 °C and 250 °C. Ethyl peroxy nitrate thermally 

decomposes: 

C2H5O2NO2  
∆
→ C2H5O2 + NO2       R4.15 
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The activation barrier for TD is ~86.8 kJ mol-1. This corresponds to lifetimes with respect to 

thermal decomposition of ~0.2 s and ~510-8 s at 25 °C and 250 °C, respectively. Formation of 

this molecule is hence expected to be a radical sink at 25 °C but not at 250 °C. 

 

4.3 Results 

4.3.1 Amplification as a function of chain carrier selection 

Figures 4.4 and Table 4.4 show the radical chain lengths obtained after 1s of simulation when 

the model was initiated with 15 pptv of CH3O2 for different radical chain carriers at 25 °C. A time 

of 1s was chosen as this corresponds to the residence time in most PERCA reactors in literature. 

The highest chain lengths, prior to inclusion of wall losses, were observed for ethanol (CL = 537), 

ethyne (CL = 419), CO (CL = 387), and ethene (CL = 314). The trend observed for CO, ethanol, 

ethene and dimethyl ether agrees qualitatively with the simulation results published by Anastasi et 

al.137 Sensitivity to wall losses increases with CL before the inclusion of wall losses. For the n-

alkanes, apart from ethane, the CL decreases with increasing size of the molecule. Of the alkanes, 

ethane has the highest CL and was therefore chosen as chain carrier for experimental and 

modelling work. 
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Figure 4.4. Bar graph with chain lengths obtained after 1s of amplification for simulation 

initiated with 15 pptv of CH3O2 and 8.7 % chain carrier at 25 °C. 

Table 4.4 Chain lengths obtained after 1s of amplification for simulations initiated with 

15 pptv CH3O2 at 25 °C 

Chain Carrier 
Chain Length 

(no wall losses) 

Chain Length 

(wall losses) 

C2H5OH 537 216 

C2H2 419 180 

CO 387 171 

C2H4 314 206 

CH3OCH3 208 150 

C2H6 187 138 

C3H6 97 81 

C3H8 57 52 

CH4 42 36 

C4H10 30 29 

C5H12 22 21 

C6H14 13 13 
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4.3.2 Effect of temperature on PERCA radical chemistry 

4.3.2.1 MCM gas phase chemistry model runs 

Figures 4.5 and 4.6 show time series of peroxy and hydroxyl radical concentrations during 

simulations initiated with 15 pptv of HO2 at 25 °C and 250 °C, respectively. Due to the lower gas 

density at higher temperatures, lower concentrations of RO2 radicals are present initially (even 

though the initial mixing ratios are the same in both cases). Reactions of HO2 and RO2 with NO 

have negative activation energies and are hence slower at higher temperatures, leading to a lower 

rate of HO radical production and, since HO loss rates are similar, to lower HO concentrations 

(maximum of ~1.9104 molecules cm-3 at 250 °C vs. 2.2105 molecules cm-3 at 25 °C) and lower 

turnover numbers at higher temperatures. Simulations initiated with HO2 radicals gave identical 

results to simulations initiated with CH3O2 radicals. 

 

Figure 4.5 Time series of peroxy radicals (left-hand axis) and hydroxyl radicals for a 

simulation initiated with 15 pptv of HO2 at 25 °C. 
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Figure 4.6 Time series of peroxy radicals (left-hand axis) and hydroxyl radicals for a 

simulation initiated with 15 pptv of HO2 at 250 °C. 

 

Figure 4.7 shows the CL (number of NO2 molecules produced divided by molecules of RO2 

present originally) as a function of temperature and mixing ratio of radicals added initially. For 

simulations conducted at 25 °C the chain length appears to be highly concentration dependent. For 

simulations conducted at 250 °C the chain length appears to still be concentration dependent albeit 

to a much lesser extent. Upon consideration of radical losses due to wall reactions, chemistry is 

expected to conclude before these significant differences in chain length are observed 

experimentally. However, the CL in the initial ~1 s of reaction time was generally well below the 

CL obtained at the lower temperature. 
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Figure 4.7 Time series of CL for simulations initiated with 100, 300, 600, 900, and 1200 

pptv of CH3O2 at 25 °C (blue colors) and 250 °C (red colors). 

 

4.3.2.2 Effect of HO2·H2O cluster 

Figure 4.8 shows the CL obtained after the inclusion of HO2·H2O cluster as a function of relative 

humidity (RH) at 25 and 250 °C with model runs initiated with 15 pptv CH3O2. The model 

simulations displayed in Figure 4.8 clearly demonstrate the higher sensitivity of the CL at 25 °C 

to changes in RH.  
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Figure 4.8 Time series of CL for simulations at different RH and initiated with 15 pptv of 

HO2 at 25 °C (blue colors) and 250 °C (red colors). 

 

Figure 4.9 shows the concentration dependence at a RH of 20% after inclusion of water clusters 

in the model simulations. Ultimately, lower CL are observed in the 25 °C system while the 250 °C 

system chemistry, and associated CL, are relatively unchanged. Furthermore, CLs at 250 °C and 

in the initial ~1 s of reaction time were generally well below CLs obtained at the lower temperature. 
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Figure 4.9 Time series of CL for simulations at 20% RH initiated with different HO2 

mixing ratios at 25 °C (blue colors) and 250 °C (red colors). 

 

4.3.2.3 Effect of wall losses 

Figure 4.10 shows a time series of the CL for simulations conducted at 20% RH after inclusion 

of wall losses in the model. Due to increased radical losses, radical chemistry ceases after ~ 1s. 

Furthermore, the CL dependence on radical concentration is reduced.  

Inconsistent with experiment (Chapter 5), the CL is still predicted to be larger at 25 °C than at 

250 °C. This may be a result of the use of temperature-independent wall loss rates that should be 

reduced at elevated temperatures. Assuming, as a lower limit, no wall losses at 250 °C, and 

factoring in the 2.3 second residence time of our PERCA chamber, the simulations predict larger 

CL at elevated temperatures (a CL of 80 at 250 °C and a CL of 44 at 25 °C – shown as a green 

trace in Figure 4.10).  
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Figure 4.10 Time series of CL for simulations at 20% RH initiated as a function of HO2 

mixing ratios at 25 °C (blue colors) and 250 °C (red colors) with kwall(HO2) and kwall(RO2) 

of 2.8 s-1 and 0.8 s-1, respectively. 

 

 

 

Figure 4.11 Same as Figure 4.10 but with C2H5ONO and C2H5O2NO2 formation and thermal 

decomposition included in the mechanism.  
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4.3.2.4 Effect of the inclusion of ethyl nitrite and ethyl peroxy nitrate formation and 

decomposition 

Shown in Figure 4.11 are the simulations of Figure 4.10 with C2H5ONO and C2H5O2NO2 

formation and thermal decomposition added to the mechanism. For both simulations at 25 °C and 

250 °C, the CLs were reduced. This reduction in CL is due to the loss of radicals to ethyl nitrite 

formation which is expected to occur irreversibly, in the 2.3 s residence time, in both the 25 °C 

and the 250 °C simulations.    

Assuming, as a lower limit, no wall losses at 250 °C, and factoring in the 2.3 s residence time 

of our PERCA chamber, the simulations predict larger CL at elevated temperatures (a CL of 65 at 

250 °C and a CL of 30 at 25 °C – shown as a green trace in Fig. 4.11).  

 

4.4 Discussion 

The first goal of the modelling study was to examine the efficacy of different molecular species 

as radical chain carriers. Large CLs were observed for CO as well as ethene, ethyne, dimethyl 

ether and ethanol. This is consistent with the results of Anastasi et al.137 although their less explicit 

reaction schemes appear to underestimate radical losses since these CLs are generally lower. 

Nonetheless, many of these species are unsuitable as radical chain carrier alternatives to CO. 

Unsaturated hydrocarbons are prone to reaction with O3, which is present in ambient air at variable 

quantities.148 This would translate into the PERCA reactor generating its own radicals. Ethanol is 

not sufficiently volatile (7.8 % at 298K)149 to achieve high enough gas phase mixing ratios in the 

PERCA reactor137 upon dilution with instrument flows. Dimethyl ether (and perhaps other ethers) 

appears to provide a CL similar to that of CO without the toxicity and potential for interference 

from O3 reactivity. 
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As for the alkane series, ethane provides for the highest CL. This is partially the result of the 

slower reactivity of the more stable larger radical chain carriers. Additionally, upon reaction with 

NO, peroxy radicals with longer alkyl chains are more likely to form alkyl nitrates (as opposed to 

NO2 and an alkoxy radical).150 Furthermore, the larger alkanes would not be volatile enough to 

deliver in sufficient quantities to sustain a PERCA reactor. Hence, ethane appears to be the most 

suitable radical chain carrier alternative to CO. Wood et al.131 appear to have arrived at the same 

conclusion and chose ethane for their PERCA reactor. 

A major point of disagreement between this modelling study and that of Wood et al.131 is the 

time it takes for radical chemistry to conclude: In the Wood et al. model, the chemistry concludes 

after ~0.25 s, whereas in the model utilized for this work, the chemistry concludes after ~1 s 

(Figure 4.11 blue traces). This disagreement may arise partially due to the inclusion of a much 

more detailed and explicit chemical scheme in this work. Additionally, Wood et al. initiated their 

model with 106 molecules cm-3 of HO and C2H5O2 and 105 molecules cm-3 of C2H5O to simulate 

typical ambient air abundances. This appears to reduce the initial spike in HO radical 

concentrations and may cause resultant chemistry to subside sooner.  

Upon the addition of heat, the CL is expected to decrease because reactions of NO with peroxy 

radicals have negative activation energies (Table 4.1). This reduced NO reactivity leads to lower 

radical mixing ratios and ultimately reduces amplification and in turn limits of detection.  

The simulations in this chapter suggest that TD-PERCA with ethane as a chain carrier is feasible 

and will provide modest CLs.  Furthermore, TD-PERCA is expected to be less sensitive to relative 

humidity. A large uncertainty in the model are wall loss rates as high temperature experimental 

data are not available. If radicals behave differently upon collision with the hot walls of a TD-



 

83 

PERCA reactor, these wall losses may be reduced. This would lead to improved CLs in a TD-

PERCA reactor, increasing CL to beyond that achievable in a room temperature PERCA reactor.  

 

4.5 Conclusion 

A modelling study was conducted examining the effectiveness of different PERCA radical 

chain carriers. Dimethyl ether or ethane both produced adequate chain lengths in the simulations 

and are viable alternatives to CO. The effect of temperature on radical chain length for an ethane 

based TD-PERCA reactor was also examined. Increased temperature in the PERCA reactor leads 

to slower radical chemistry, and reduces chain lengths. Increased temperatures reduce the effects 

of relative humidity and interfering radical chemistry. However, the temperature dependence of 

wall losses remains unclear and needs to be assessed prior in future experimental and modelling 

work. A similar TD-PERCA modelling study should be performed on dimethyl ether to assess its 

suitability as a chain carrier at elevated temperature. 
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Chapter Five: Development of a thermal dissociation peroxy radical chemical amplification 

cavity ring-down spectrometer 

In this chapter, the design and development of a thermal dissociation peroxy radical chemical 

amplification cavity ring-down spectrometer (TD-PERCA-CRDS) is described. A TD-PERCA-

CRDS instrument was built, characterized, and the amplification factor was calibrated at 250 °C. 

The measurement of peroxy nitric acid (PNA) and peroxy acyl nitrates (PAN), species of 

atmospheric importance, with TD-PERCA-CRDS is explored. 

 

5.1 Introduction 

The ROx (= HO + HO2 + ΣRO2) radicals and the nitrogen oxides (NOx = NO + NO2) are 

important trace constituents of the atmosphere that drive diverse processes such as the 

photochemical production of O3 in the troposphere,104-105 the catalytic destruction of O3 in the 

stratosphere,106-107, 151-152 and the chemistry of organic aerosol formation.108-110 In the troposphere, 

the concentrations of these species are frequently buffered by ROx and NOx reservoir species, of 

which peroxynitric acid (PNA, HO2NO2), alkyl peroxy nitrates such as methyl peroxynitrate 

(CH3O2NO2, MPN), and the peroxyacyl nitrates (PANs, RC(O)O2NO2) are important 

examples.153-154 Much insight into ROx and NOx chemistry has been gained by measuring the 

atmospheric abundances of these reservoirs. Significant PNA concentrations, for example, have 

been observed in the polar regions,155-157 aloft in the free and upper troposphere,158-159 in highly 

polluted environments such as the Uintah basin in winter,160 and in urban atmospheres,161-162 and 

have given valuable insights into radical budgets at these locations. The PANs and PNA are prone 

to thermal dissociation, such that higher concentrations are more commonly observed in cold 

regions, aloft in the free / upper troposphere, or in winter (Table 5.1). On the other hand, their rate 
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of production is greater in summer as the actinic flux intensifies. Mixing ratios of PNA peak in the 

range from 10s to a few 100s of parts-per-trillion by volume (pptv, 10-12) and those of peroxyacetic 

nitric anhydride (PAN; CH3C(O)O2NO2) can exceed ten ppbv.163  

 

Table 5.1 Typical* PNA and PAN mixing ratios in various environments where both were 

quantified 

Location PNA (pptv) PAN (pptv) PNA/PAN 

Antarctica - Summer 20 155 15.6 164 1.3 

Antarctica - Summer 22 157 15.6 164 1.4 

Antarctica – Summer 2.5 157 9.2 165 0.27 

Remote troposphere – Spring - - 0.13** 159 

Free troposphere (Intex-NA) - Summer 45 158 280 166 0.16*** 

Uintah Basin – Winter 2013 500 160 2000 167 0.25 

Uintah Basin – Winter 2014 100 160 300 168 0.33 

Atlanta – Winter 3.7 162 640-800 169 <0.01 

Atlanta – Summer 11.7 162 640-800 169 0.01-0.02 

* Average values 

** calculated assuming all non-PAN and PPN peroxy nitrate is PNA. 

*** Averages of data posted on ftp://ftp-air.larc.nasa.gov/pub/INTEXA/DC8_AIRCRAFT/ 

 

There is ongoing interest to develop improved techniques for quantification of PANs170-173 and 

PNA.159-162 TD methods such as TD coupled to laser-induced fluorescence (TD-LIF),60, 171, 174 to 

cavity ring-down spectroscopy (TD-CRDS),55, 65, 71, 175-177 or to cavity phase-shift spectroscopy 

(TD-CAPS)178 detection of NO2 are attractive as they can be used to monitor all components of 

odd nitrogen (NOy) in parallel, including NO2 (inlet operated at ambient temperature), total peroxy 

nitrates (ΣPN = PNA + MPN + ...; inlet heated to ~100 °C), total peroxyacyl nitrates (ΣPAN = 
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PAN + peroxypropinoic nitric anhydride (C2H5C(O)O2NO2 + ...; ~ 250 °C), total alkyl nitrates + 

ClNO2 (ΣAN; ~ 420 °C), and HNO3 (~ 600 °C), by deploying multiple detection channels and 

setting appropriate inlet temperatures. Molecules such as NO and HONO can be quantified through 

addition of O3 following TD.79, 177, 179 

When used in polluted (i.e., high-NOx) environments, however, a drawback of the TD methods 

is that quantification of ΣPN (and, to a lesser degree, also of ΣPAN) is compromised because of 

the large error introduced from subtraction of the NO2 background, which is often 2 – 4 orders of 

magnitudes larger than the ΣPN abundance. In such high-NOx environments, on the other hand, 

mixing ratios of ROx radicals are generally much smaller, < 100 pptv,131 than those of NO2, such 

that a better strategy may be to quantify the peroxy and peroxyacyl radicals generated in in 

stoichiometric amounts during TD of ΣPN and/or ΣPAN rather than NO2.  

The ROx radicals may be quantified by chemical ionization mass spectrometry (CIMS);180-184 

in fact, a TD-CIMS method has been developed to quantify PAN by titrating the peroxyacetyl 

radical with iodide reagent ion.183 Other ROx radical detection methods include LIF185-188 and 

PERCA coupled to NO2 detection.113-114, 119, 126-127 The PERCA method is attractive as it allows 

the infrastructure of existing TD instruments with NO2 detection to be utilized. 

The measurement of peroxy radicals by PERCA is prone to interferences (see Chapter 4). For 

instance, a key operational parameter of any PERCA instrument is the radical chain length or 

amplification factor (CL), which must be carefully calibrated. Both experimental and theoretical 

data (Chapter 4) show that the CL is suppressed by water vapour, whose presence increases the 

rates of radical loss on the inner walls of the PERCA chamber and the rates of certain gas-phase 

reactions, e.g., the reaction between the hydroperoxyl radical - water dimer (HO2·H2O) with NO 

to peroxynitrous acid (HOONO) which isomerizes to nitric acid (HONO2).
118, 132, 133   
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The most obvious way to minimize wall reactions and to prevent weakly bound clusters such 

as HO2·H2O from forming is to apply heat. When quantification of ambient ROx radicals is the 

goal, this is avoided to prevent TD of ΣPN or ΣPAN (which are more abundant than free ROx 

radicals) as these molecules would interfere.118 On the other hand, if measurement of ΣPN or 

ΣPAN is desired (such as in this chapter), this interference is turned into a measurement principle. 

Only one previous attempt to quantify peroxy nitrates in this manner was found in the literature: 

Blanchard et al. thermally decomposed PAN eluting from a chromatographic column in the 

presence of NO and CO and quantified the amplified NO2 using luminol chemiluminescence.189 

In this chapter, the feasibility of selectively quantifying ΣPN and ΣPAN through their respective 

peroxy radical TD fragments by thermal decomposition peroxy radical chemical amplification 

cavity ring-down spectroscopy (TD-PERCA-CRDS) was probed. The instrument uses a 405 nm 

blue diode laser CRDS65 to monitor NO2 and the ethane-based chemical amplification scheme 

described by Wood et al.,131 chosen because of ethane's lower toxicity compared to CO. Thermal 

dissociation profiles were determined for PAN, PPN, and PNA. Quantification of trace levels of 

PAN, PPN, and PNA by TD-PERCA-CRDS is demonstrated and compared to parallel 

measurements by iodide CIMS. The suitability of TD-PERCA-CRDS as a highly sensitive (sub-

pptv) ΣPN and ΣPAN detection method for ambient measurements is discussed. 
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Table 5.2 List of chemical reactions relevant to TD-PERCA-CRDS of PANs*  

Number Reaction 
k 

(cm3 molecule-1 s-1) 

k298K 

(cm3 molecule-1 s-1) 

R5.1 CH3O2 + NO  CH3O + NO2 2.3×10-12 × e(360/T) 7.7×10-12 

R5.2 CH3O + O2  HCHO + HO2 7.2×10-14 × e(-1080/T) 1.9×10-15 

R5.3 HO2 + NO  HO + NO2 3.5×10-12 × e(270/T) 8.5×10-12 

R5.4 C2H6 + HO + O2  H2O + C2H5O2 6.9×10-12 × e(-1000/T) 2.4×10-13 

R5.5 C2H5O2 + NO  C2H5O + NO2 
2.55×10-12 × e(380/T) × 

0.99*** 
9.1×10-12 

R5.6 C2H5O + O2  CH3CHO + HO2 2.4×10-14 × e(-325/T) 8.1×10-15 

R5.7 PAN  CH3CO3 + NO2 See Table 5.3 4.4×10-4 s-1 

R5.8 
CH3C(O)O2 + NO  NO2 + CH3C(O)O  

NO2 + CH3 + CO2 
7.5×10-12 × e(290/T) 2.0×10-11 

R5.9 PPN  C2H5CO3 + NO2 See Table 5.3 3.7×10-4 s-1 

R5.10 C2H5CO3+NO+O2  C2H5O2+NO2+CO2 6.7×10-12 × e(340/T) 2.1×10-11 

R5.11 HO + NO + M  HONO + M 
7.4×10-31 × (T/300)-2.4 

× [M] 
9.7×10-12 ** 

R5.12 HO2 + NO2 + M  HO2NO2 +M (termolecular) (termolecular) 

R5.13 HO2 + HO2 + M  H2O2 + M (termolecular) (termolecular) 

R5.14 CH3CO3  0.7 CH3CO2 + 0.3 CH3CO2H 5.0×10-12 × ∑RO2 5.0×10-12 × ∑RO2 

R5.15 C2H5CO3  0.7 C2H5CO2 + 0.3 C2H5CO2H 5.0×10-12 × ∑RO2 5.0×10-12 × ∑RO2 

R5.16 
CH3O2  0.330 CH3O + 0.335 HCHO + 

0.335 CH3OH 

1.8×10-13 × e(416/T) × 

∑RO2 
7.4×10-13 × ∑RO2 

R5.17 
C2H5O2  0.6 C2H5O + 0.2 CH3CHO + 0.2 

C2H5OH 
3.1×10-13 × ∑RO2 3.1×10-13 × ∑RO2 

* Rate constant expressions are from the Master Chemical Mechanism (MCM),138-139 version 3.3.1, except 

R7 and R9, which are from Kabir et al. 140 

** calculated using [O2] = 4.21018 molecules cm-3 
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5.2 Experimental Section 

5.2.1 TD-PERCA-CRDS 

The CRDS instrument utilized for these experiments is a 4-channel CRDS instrument as 

opposed to the 2-channel instrument described in chapter 2. The instrument was constructed by a 

previous member of the Osthoff group. Details including schematics of the CRDS used are shown 

in section 3.2.1 and figure 3.1 of the Odame-Ankrah Thesis.190 Briefly, the instrument consisted 

of four identical channels. The channels are longer than those used in the 2-channel instrument 

measuring 111 cm in length (92 cm are filled with the sample). The channel have been used to 

monitor NOx (= NO + NO2), NO2, ΣPN and ΣAN in parallel.190 Mixing ratios of NOx are quantified 

by adding an excess of O3 (which titrates NO to NO2) to the sample flow prior to detection.179 

Mixing ratios of ΣPN and ΣAN are quantified by difference following thermal dissociation to NO2 

in quartz channels heated to 250 °C and 450 °C, respectively.55 Each channel was connected to a 

MFC set to a flow rate of ~0.84 slpm. 

The blue diode laser (Power Technologies, model IQu2A105(405-120)G26/8983) was square-

wave on/off modulated at a frequency of 1 kHz, and 1000 ring-down decay traces were co-added 

to yield 1 s data. Furthermore, 0 and  were determined using the LRS algorithm.54, 67 In the single-

channel version (section 5.2.1.1 and Figure 1A), all four CRDS cells were connected to sample 

the gases exiting the single-channel TD-PERCA inlet, though in principle a single CRDS detection 

channel would have sufficed to carry out the measurements. In the dual-channel version (section 

5.2.1.2 and Figure 5.1B), one unheated CRDS channel was tee'd into the sample line prior to the 

PERCA heater to monitor NO2 plus NO2 generated from oxidation of NO by O3. In the 

four-channel differential temperature version (section 5.2.1.3), three PERCA chambers were 



 

90 

connected to CRDS cells and operated in parallel, while the fourth CRDS cell was run as a 

reference. 

 

 

Figure 5.1 Schematics of thermal decomposition peroxy radical chemical amplification 

inlets. (A) Single-channel version used in initial lab experiments. The inlet consisted of a 60 

cm long, 0.635 cm (¼") o.d. quartz heater and an 80 cm long, 1.27 cm (½") o.d. FEP 

Teflon™ reaction chamber. Reagent gases were added to either side of the reaction 

chamber via two 3-way solenoid valves and Teflon™ tubing. (B) Dual-channel TD-PERCA 

inlet. Reaction gases were added upstream of the PERCA chamber by closing the normally 

open valves connected to a waste pump via 50 μm critical orifices. Background NO2 levels 

were monitored in a parallel detection channel by tapping into the inlet prior to thermal 

dissociation of peroxy nitrates.  
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5.2.1.1 Single-channel inlet 

The majority of the experiments described in this chapter were conducted using a single-channel 

TD-PERCA inlet (Figure 5.1A). This configuration is reminiscent of early PERCA instrument 

designs in that the addition of the hydrocarbon reagent gas is alternated between points prior and 

after the main reaction chamber.114-115 Nitric oxide in N2 (100.2 ppmv, Scott-Marrin, Riverside, 

CA) was scrubbed of NO2 by passing through iron(II) sulfate heptahydrate (99%, Sigma-Aldrich, 

Oakville, ON) prior to being combined with either a flow N2 gas (Praxair) or ethane (CP grade, 

99%, Matheson, Baskin Ridge, NJ). The gas mixture was directed towards the 80-cm long PERCA 

chamber (1.27 cm or ½" o.d.). When NO and N2 were mixed prior to the PERCA chamber, a 

"PERCA off" signal was observed, and ethane was added after the PERCA chamber to maintain 

constant flow (and pressure) through the system. Conversely, when NO and ethane were directed 

towards the PERCA chamber a "PERCA on" signal was observed. To maintain flows and pressures 

through the system during "PERCA on" mode, N2 was added to the inlet at an addition point after 

the PERCA chamber. 

The inlet was connected to a four-channel CRDS described elsewhere.190 Briefly, 

concentrations of NO2 were monitored via its absorption at 405 nm.65 A flow containing ppmv 

levels of O3 in O2 was added to one CRDS channel to monitor NOx.
179 Each channel was connected 

to a MFC set to a flow rate of ~0.84 slpm. All four CRDS cells were connected to sample the gases 

exiting the single-channel TD-PERCA inlet, though in principle a single CRDS detection channel 

would have sufficed to carry out the measurements. 

When radical free "zero" air was sampled with the single channel inlet, a negative offset (up to 

1 ppbv) was observed when the 3-way solenoid valves were switched from PERCA "on" to "off" 

(data not shown). This artefact was not observed with the dual channel setup (section 5.2.1.2) and 
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was not further investigated but may have been caused by differences in the ethane flows through 

the needle valve induced by pressure changes (up to 15 Torr) during switching between PERCA 

on and off.  

 

5.2.1.2 Dual-channel TD-PERCA-CRDS 

Time resolution, signal-to-noise, and subtraction of background NO2 can be significantly 

improved in a PERCA instrument by implementing dual detection channels where both amplified 

and background signals are simultaneously monitored.119, 130 The dual channel TD-PERCA setup 

used in this work is shown in Figure 5.1B. The NO reagent gas is added at the same flow rate and 

concentration as in the single-channel version near the tip of the inlet (after the zero air and 

calibration gas ports). The residence time prior to the ethane addition point (~2.0 s) suffices to 

destroy ROx radicals (via reaction with NO) prior to chemical amplification. Addition of either 

NO or ethane is on/off modulated using 2-way normally-open valves connected to a pump via 

50 μm critical orifices (Lenox Laser, Glen Arm, MD) in a similar fashion as described earlier.62 

A portion of the sample flow of ~0.74 slpm was diverted prior to TD to monitor the 

"background" NO2 concentration in one CRDS channel. The remaining flow (~2.2 slpm) was 

passed through the heated quartz tube and PERCA chamber as described earlier and sampled by 

the other three CRDS channels to monitor background NO2 plus the amplified NO2 signal. 

 

5.2.1.3 Four-channel differential temperature TD-PERCA-CRDS 

An instrument with four identical measurement channels was set up to enable simultaneous 

quantification of NO2, NO2 + ΣPN and NO2 + ΣPN + ΣPAN. This version was similar to dual 

channel setup described above and simply added two additional PERCA chambers; all three 
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PERCA chambers were connected to separate CRDS channels. The quartz PERCA chamber was 

replaced with three identical 1.27 cm (1/2") o.d. and 0.95 cm (3/8") i.d. Teflon™ tubes externally 

heated using stretch-to-fit heaters (Watlow, St. Louis, MO) to 60, 80 and 100 °C, respectively. A 

common inlet filter was placed between the PERCA chambers and the ethane addition point. A 

flow restriction was placed ahead of the common filter to achieve a pressure of 380 - 400 Torr at 

a flow rate of 0.8 slpm per channel (total flow rate ~3.2 slpm). 

 

5.2.2 Chemical ionization mass spectrometry  

The CIMS and its operation have been described elsewhere.191-193 For measurements of PAN 

or PPN, the instrument was operated with iodide reagent in declustering mode (collisional 

dissociation chamber voltage = -24.7 V) and sampled through a short section of 1.27 cm (½") o.d. 

PFA Teflon™ tubing heated to 190 °C. The inlet flow was diluted with nitrogen saturated with 

water vapour to maintain a minimum RH of ~16% with the ion-molecule reaction region (IMR). 

PAN and PPN were quantified using the acetate and propionate ions (m/z 59 and 73). Ion counts 

were normalized to 106 reagent ion counts prior to presentation. Normalization prior to applying 

calibration factors (calculated with normalized data) removes the necessity to recalibrate as the 

reagent ion source output changes.  The instrument response factor for PAN was calibrated against 

TD-CRDS192 and was 113 Hz pptv-1. 

For PNA measurements, the CIMS was operated with an ambient temperature inlet and in 

clustering mode (collisional dissociation chamber voltage = -8.9 V); under these conditions, 

~5105 I- and ~2104 I-·H2O ions were observed. Mixing ratios of PNA were monitored primarily 

using NO3
- at m/z 62, which is formed via PNA decomposition within the IMR.193 The HNO3·I

- 

and HO2NO2·I
- clusters at m/z 190 and m/z 206160, 162 were also monitored. 
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The PNA response factors were determined using TD-CRDS (i.e., without added PERCA 

gases) with its inlet operated at 120 °C (Figure 5.2). Assuming that one equivalent of NO2 is 

generated for each PNA molecule thermally dissociated, the CIMS response factors, normalized 

to 106 I- counts, were 34.70.2 Hz pptv-1 and 0.0230.002 Hz pptv-1 at m/z 62 (NO3
-) and 206 

(HO2NO2·I
-), respectively. These response factors are consistent with calibration factors by other 

groups,160, 162 with the low response at m/z 206 rationalized by the low number of I-·H2O ions. 

Even though the CIMS response at m/z 62 is not specific,193 it was used in the laboratory 

experiments presented here to monitor PNA rather than m/z 206 because of its larger response 

factor and thus higher sensitivity. 

 

 

Figure 5.2 Calibration of CIMS response factors against TD-CRDS operated with its inlet 

heated to 120 °C and without amplification. (A) m/z 62 (NO3
-). (B) m/z 206(HO2NO2·I-). 

CIMS counts were normalized to 106 I- counts. 

 

5.2.3 Synthesis and delivery of PAN and PPN 

The synthesis of PAN and PPN from their corresponding anhydrides was described earlier.192, 

194 Aliquots in tridecane were stored in 2.0 mL centrifuge tubes (VWR) in a freezer until needed. 
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To separate PAN and PPN from impurities generated during synthesis and storage (i.e., NO2, 

HNO3 and alkyl nitrates),195 a preparatory scale GC setup (Figure 5.3) was used.  

 

 

Figure 5.3 Setup for delivery of PAN and PPN using a gas chromatography column. 

 

First, the contents of two tubes containing PAN and PPN in tridecane were combined in a 3-

valve glass vessel. This vessel was connected to a 2-position GC-Valve (VICI Valco EH4C10WE, 

Houston, TX) and mildly pressurized (~0.1 atm above ambient) using oxygen (Praxair) delivered 

through a 10 μm critical orifice. Two megabore capillary gas chromatography (GC) columns 

(Restek RTX-1701, 0.53 mm i.d., 1.00 μm film thickness, State College, PA) of equal lengths 

(3 m) were connected to the ports adjacent to the one connected to the glass vessel. The outlet of 

one GC column was connected to the PERCA inlet, whereas the other was exhausted into a waste 

line. The port opposite to the glass vessel was also pressurized with oxygen such that both columns 

remained under flow at all times. Gases were delivered by switching the valve to position A (Figure 
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5.3) for ~40 s. The output of the preparatory-scale GC was diluted with ZA or air passed through 

a custom-built scrubber system to meet the sample flow requirements of the TD-PERCA CRDS 

and/or CIMS. The relative humidity (RH) of the gases delivered was monitored using a 

temperature/RH probe (VWR) placed inline. 

The preparatory scale GC setup allowed delivery of short "bursts" of PAN and PPN. To deliver 

a constant and low PAN concentration over prolonged time periods, air was drawn from a 4,000 L 

Teflon chamber, initially filled with scrubbed (i.e., PAN-free) air and to which the head space 

above a PAN/tridecane solution had been added. An internal mixing fan ensured constant output. 

 

5.2.4 Synthesis and delivery of PNA 

5.2.4.1 Batch sample 

A batch PNA sample was synthesized from reaction of nitronium tetrafluoroborate (NO2BF4; 

Sigma-Aldrich) with H2O2 as described by Chen et al.162 Briefly, a 50% H2O2 solution 

(Sigma-Aldrich) was concentrated using a gentle N2 flow over a period of several days. A small 

aliquot (200 µL) of concentrated H2O2 was placed in a 3-valve glass vessel cooled to 0 °C using 

an external circulating chiller, and 120 mg of NO2BF4 were added. The headspace of the glass 

vessel was flushed with a 50 sccm flow of N2 delivered by a MFC. This flow delivered very high 

concentrations and contained substantial and variable amounts of impurities (mainly HNO3), even 

when the vessel temperature was lowered to -20 °C. The batch sample was used to calibrate the 

CIMS against TD-CRDS (Figure 5.2A). 
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5.2.4.2 Photolysis source  

Gas flows containing low and reproducible concentrations of PNA were generated dynamically 

in a similar fashion to the method described by Veres et al.160 by combining the output of a HO2 

photochemical source with NO2. Ultrapure N2 (Praxair) was passed through a bubbler filled with 

deionized water at a flow rate of 100 sccm and combined with 2 sccm of O2 (Praxair). This mixture 

was passed through a ¼" (0.635 cm) o.d. quartz tube partially illuminated by a low-pressure 

185 nm mercury quartz lamp (Jelight 95-2100-2, Irvine, CA). This generated a mixture of O3 

(~30 ppbv after dilution), HO and HO2, whose concentrations were controlled with a sliding metal 

sleeve (VWR) which modified the length of the quartz tubing that was illuminated. This flow was 

combined with between 4 and 16 ppmv NO2 to yield a gas mixture containing PNA which was 

immediately (< 5 cm tube length) diluted with zero or scrubbed air flowing at a rate slightly greater 

than the amount sampled by the instruments. The NO2 gas stream was generated by mixing 

between 1.4 and 3.0 sccm of NO (100.2 ppmv in N2; Scott-Marrin, Riverside, CA) with a slightly 

less than stoichiometric amount of O3 in ~20 sccm O2, generated by illuminating O2 with a 

low-pressure 254 nm mercury quartz lamp (Jelight). 
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5.3 Results 

5.3.1 Thermal dissociation profiles 

The TD profiles of PNA, PAN, and PPN were measured by TD-CRDS (i.e., without 

amplification) with the single-channel inlet and are shown in Figure 5.4. The superimposed trend 

lines are simulations based on the TD model introduced by Paul et al.55 and the Arrhenius 

parameters in Table 5.3 and are consistent with the observations. The TD profiles of PNA and 

PAN/PPN partially overlap and are consistent with the 5%/95% ranges given in Figure 3 of 

Wooldridge et al.171 PNA and PAN or PPN fully dissociated at temperatures of 120 °C and 250 °C, 

respectively. These temperatures were used in subsequent experiments when complete 

dissociation of either PNA or PAN/PPN was desired. Also shown in Figure 5.4 is the TD-PERCA-

CRDS signal observed when sampling O3, a potentially interfering species (see section 5.3.9.1). 

 

Figure 5.4 Normalized thermal dissociation profiles of PNA, PAN, PPN, and O3 as a 

function of inlet set temperature. Superimposed trend lines are simulations based on the 

TD model introduced by Paul et al. 55. The PNA, PAN, and PPN data were observed by 

TD-CRDS without amplification gases present, whereas the O3 data were observed by TD-

PERCA-CRDS. The error bars represent standard deviations of 1 s data. 
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Table 5.3 Arrhenius parameters for thermal dissociation of selected PN, PAN, PPN, and 

O3.  

Molecule 
A 

(s-1) 

Ea 

(kJ mol-1) 
Reference 

T needed to dissociate 

99.9% (°C) ** 

HO2NO2 (PNA) 7.31014 * 88.1±4.4 196 123 

CH3O2NO2 (MPN) 1.11016 88.1±4.4 196 86  

C2H5O2NO2 (EPN) 8.81015 86.5±8.7 196 82 

CH3C(O)O2NO2 (PAN) 2.81016 113±2 140 174  

CH3C(O)O2NO2 (PPN) 2.361016 113±2 140 176 

O3 1.261010 * 92.8 197-198 180*** 

* Calculated assuming a pressure of 550 Torr and temperature of 298 K. 

** Assuming a contact time of 4 ms at the maximum temperature55 

*** T needed to dissociate 0.1% 

 

5.3.2 Measurement of PAN and PPN by TD-PERCA-CRDS 

A time series demonstrating amplification of PAN and PPN in the TD-PERCA-CRDS operated 

with its inlet at 250 °C is shown in Figure 5.5. In this experiment, PAN and PPN were delivered 

via the preparatory-scale GC (Figure 5.3), and the single-channel setup (section 5.2.1.1) was used.  

PAN and PPN eluted from the GC column after 3 min and 6 min, respectively. The compounds 

eluted as plateaus because of the relatively long injection time. In Figure 5.5A, PAN and PPN are 

observed only by the heated (NO2+ ΣPAN) TD-CRDS channel, where they quantitatively (see 

Figure 5 of Paul, et al. 55) decompose to NO2 at mixing ratios of 2.000.09 ppbv and 

1.860.12 ppbv, respectively (errors are 1  of 1 s data). After the PERCA heater was set to 250 
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°C as well, similar amounts of NO2, 2.040.09 ppbv and 1.970.12 ppbv, were observed in the 

ambient temperature channel for PAN and PPN, respectively. Marginally higher amounts were 

observed in the heated CRDS channel (2.420.10 and 2.060.14 ppbv) (Figure 5.5B). The lower 

amounts observed in the unheated CRDS channel result from recombination of peroxyacyl radicals 

with NO2 (mostly in the unheated PERCA chamber), which suppresses the signal in the unheated 

CRDS channel but not in the heated one. Hence, the NO2 + ΣPAN data are a more accurate measure 

of the PAN and PPN concentrations delivered. 
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Figure 5.5 Peroxy radical chemical amplification of peroxyacetic and peroxypropionic 

nitric anhydride (PAN and PPN) delivered via a megabore GC column. (A) Time series of 

the signal observed by cavity ring-down spectroscopy in the ambient temperature (NO2; 

green colour) and heated (NO2 + ∑PAN; purple colour) channels with the PERCA heater 

off. (B) Same as (A) with the PERCA heater switched on. (C) Same as (B) with 0.75 ppmv 

NO added. (D) Same as (C) with 1.5% C2H6 added. The amplification factor is determined 

from the ratio of the ambient temperature (i.e., NO2) CRDS signal observed in (D) divided 

by that observed in (B). 

 

Because PAN and PPN dissociate with 1:1 stoichiometry, the amount of peroxyacyl radicals 

produced during thermal dissociation is the same as the amount of NO2 generated. When 

~0.75 ppmv of NO was added (Figure 5.5C), the peroxyacyl and, subsequently, the methyl (or 

ethyl) peroxy, and the hydroperoxyl radicals oxidize NO to NO2 (reactions R5.8/R5.10, R5.1/R5.5, 

and R5.3; Table 5.2) and the NO2 signal relative to the signal obtained in the absence of NO is 

amplified by a factor of four. The ratios observed (Figure 5.5C relative to Figure 5.5B) were 
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4.00.2 and 3.80.3 for PAN and PPN, respectively, and are consistent with earlier observations 

at lower NO mixing ratios (i.e., Figure 6 of Paul and Osthoff).65  

Next, NO and ethane were added at mixing ratios (0.75 ppmv NO and 1.5% C2H6) that 

Wood  et al.131 determined to be optimal for ambient temperature PERCA. Under these conditions, 

the signals amplified to 116.01.3 ppbv and 109.30.7 ppbv (Figure 5.5D), corresponding to CLs 

(relative to Figure 5.5B) of 482 and 534 for PAN and PPN, respectively. 

In the presence of ethane, marginally lower NO2 concentrations (98.7% and 98.1%) were 

observed in the heated, NO2 + ΣPAN TD-CRDS channel (compared to the absence of ethane). 

Partial scrubbing of NO2 in heated quartz cells has been anecdotally observed in our group's and 

also others' (e.g. Womack, et al. 177) TD instruments; this effect varies between quartz cells and 

with sample history. Since the effect was relatively minor, it was neglected in this work.  

 

5.3.3 Optimization of TD-PERCA amplification factors 

Sequences as shown in Figure 5.5 were used to determine conditions leading to optimum 

amplification factors. The largest amplification factors were obtained with an ethane mixing ratio 

of ~1.6% - 1.7%. 

Figure 5.6 shows how the chain length varies with NO mixing ratio. In the absence of ethane, 

amplification factors of ~4 were observed (Figure 5.6, open symbols), consistent with the results 

shown in Figure 5.5C. When 1.7% ethane were added, the amplification factor increased with NO 

mixing ratio up to a maximum at 550150 ppbv and then decreased, qualitatively consistent with 

the results reported by Wood et al.131 
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Figure 5.6 TD-PERCA-CRDS amplification factors of ~0.5 ppbv PAN and ~1.3 ppbv PPN 

as a function of NO mixing ratio at RH = 0%. The error bars represent standard deviations 

of 1 s data. 

 

The amplification factors shown in Figure 5.6 were slightly larger for PAN than for PPN mainly 

because the PPN mixing ratio of ~1.3 ppbv exceeded the optimum concentration range for PERCA 

(see section 5.3.5.2).  

 

5.3.4 Measurement of PNA by TD-PERCA-CRDS and CIMS 

A sample time series showing TD-PERCA-CRDS measurements of photochemically generated 

PNA in scrubbed air is presented in Figure 5.7. Here, the TD-PERCA-CRDS was operated with 

the dual channel inlet (Figure 5.1B) at 120 °C and with 1.6% C2H6 and 3163 ppbv of NO 

(suboptimal NO mixing ratios). Figure 5.7A shows the NO2 mixing ratios in the reference, NO2 

channel (grey trace) and in the TD-PERCA-CRDS channel (green trace). In this example, the 

mixing ratio of PNA was changed approximately every 2 min by moving a sliding cover within 

the photochemical source.  
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Figure 5.7 (A) Sample time series of PNA observed by TD-PERCA-CRDS in the reference, 

NO2 channel (shown in green) and PERCA channel (grey). (B) (left) Difference signal 

between amplified and reference channel (shown in red). (right) CIMS counts (normalized 

to 106 I-) at m/z 62, the major fragment (NO3
-) expected from PNA, at m/z 206 (multiplied 

by a factor of 100 for clarity), the HNO4·I- cluster, and at m/z 190, the HNO3·I- cluster.  

 

The difference between these two signals is displayed in Figure 5.7B (red trace, left-hand axis). 

Superimposed in Figure 5.7B (right-hand axis) are the CIMS responses at m/z 62 (NO3
-), m/z 206 

(HNO4·I
-, multiplied by a factor of 100 for clarity), and m/z 190 (HNO3·I

-). 

The photochemical source co-generates HO which is lost on the inner walls of the quartz tubing 

or is titrated by NO2 or (to lesser extent since less abundant) NO to HNO3 or HONO, respectively. 

Conceivably, the co-generation of HNO3 could interfere with quantification of PNA by CIMS at 

m/z 62. However, when the photolysis source was turned off at ~19:59 (Figure 5.7), HNO3 was 

still observed for some time after at m/z 190 due to slow desorption from the inner walls of the 

connecting tubing, whereas the ion counts at m/z 62 quickly (< 10 s) returned to background values 

close to zero Hz, indicating that the contribution of HNO3 to ion counts at m/z 62 was negligible. 
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The scatter plot of the TD-PERCA-CRDS and CIMS data at m/z 62, multiplied by the CIMS 

response factor determined in Figure 5.2A, is shown in Figure 5.8A as dark blue circles. The 

signals by the two instruments are highly correlated (r2 = 0.979), consistent with both instruments 

measuring the same molecule, PNA. The slope of this plot (26.30.4) equals to the 

TD-PERCA-CRDS amplification factor for PNA. In contrast, the scatter plot of 

TD-PERCA-CRDS with the CIMS response at m/z 206 was unusable because of the latter's poor 

signal to noise ratio (Figure 5.2B). 

 

5.3.5 Factors affecting amplification factors 

The amplification factor for PNA shown in Figure 5.8A is less than observed for PAN in Figure 

5.8B and for PAN and PPN under optimal conditions (Figure 5.6). Though in this particular 

example the lower amplification factor was due to the less than optimal amount of NO added, 

lower amplification factors for PNA than for PAN were generally observed, even when optimum 

NO mixing ratios were used. 
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Figure 5.8 Scatter plots of TD-PERCA-CRDS and CIMS measurements. (A) Sample PNA 

calibrations at an NO mixing ratio of 3163 ppbv and TD-PERCA inlet temperature of 

120 °C (B) Sample PAN calibration at an NO mixing ratio of 6622 ppbv and TD-PERCA 

inlet temperature of 250 °C. 

 

The obvious difference is that different radicals, HO2 in the case of PNA and a peroxyacyl 

radical (RC(O)O2) in the case of PAN or PPN, are generated initially. However, in both cases, the 

HO2/HO radical pair is the main carrier of the amplification, such that this initial difference should 

only have a marginal effect. Wood et al.131 estimated the uncertainty arising from the range in 

peroxy radical reactivity to 9%. 

Experimental parameters that can affect the amplification factor include relative humidity, 

radical concentration, and the PERCA inlet temperature; these factors are probed separately in the 

following sections. In each case, the results from box model simulations presented in Chapter 4 

were used to aid in the interpretation of the data. 
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5.3.5.1 Dependence of chain lengths on relative humidity 

The experiment described in section 5.3.4 was repeated with the scrubbed air humidified to 

75% RH by passing the make-up air through a bubbler. The resulting scatter plot is superimposed 

in Figure 5.8A (red squares). Indeed, the amplification factor for PNA was lowered from 26.30.4 

to 18.00.2 when the RH was increased from 20% to 75%. Following these observations, the RH 

dependence was investigated systematically with TD-PERCA-CRDS operated under optimal 

conditions and with PAN and PPN at 250 °C inlet temperature. The results are summarized in 

Figure 5.9.  

The amplification factor decreased by (2.00.6)% for every 10% increase in RH. This RH 

dependence is less than reported for ambient temperature PERCA: Between a RH of 0% and 50%, 

for example, the response of room temperature PERCA dropped by 30%,131 whereas that of TD-

PERCA decreased by 15%. A reduced RH dependence is expected as the elevated temperature 

suppresses formation of HO2·H2O,143 whose reaction with NO is a major radical sink.118, 132, 133  

This interpretation is supported by box model simulations, which show a reduced RH dependence 

of the CL at higher temperatures (Figure 4.8). In addition, I speculate that reactions of radicals on 

the inner walls of PERCA tubing are reduced at higher inlet temperature. 
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Figure 5.9 TD-PERCA-CRDS amplification factor as a function of relative humidity at an 

ethane mixing ratio of 1.6% and with NO mixing ratios of 644±2 and 316±3 ppbv for the 

PAN/PPN experiments and the PNA experiments, respectively. The PAN and PPN mixing 

ratios were 0.120±0.007 and 0.333±0.030 ppbv, respectively. The PNA mixing ratio was 

varied between 0 and 0.6 ppbv. The room temperature HO2 data are from Wood et al. 131. 

 

5.3.5.2 Dependence of chain lengths on radical concentration: dynamic range 

It is well known in the PERCA community that the chain lengths decrease at high radical 

concentrations due to radical-radical reactions. Figures 5.8A and 5.8B demonstrate that the 

response of TD-PERCA-CRDS is linear at low, atmospherically relevant mixing ratios (i.e., below 

~0.6 ppbv). Figure 5.10 summarizes the PERCA responses as functions at larger PAN/PPN mixing 

ratios.  The largest amplification factor, 695, was observed when the TD-PERCA inlet was 

operated at 250 °C with PAN or PPN mixing ratios ≤ 0.6 ppbv. Shorter chain lengths were 

observed at higher mixing ratios (e.g., 622 at 1.3 ppbv, 534 at 2.1 ppbv, and 482 at 2.4 ppbv, 

respectively). Thus, the amplification factor is concentration dependent at RO2 mixing ratios above 

~0.6 ppbv and is constant under atmospherically relevant trace conditions. 
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PERCA reactors utilizing CO as a chain carrier show non-linearity at RO2 mixing ratios above 

~200 pptv,114 while room temperature ethane based PERCA have a reported linear dynamic range 

up to ~800 pptv.131 The greater dynamic range with ethane arises because of lower chain lengths 

and radical concentrations in the reactor and hence reduced radical-radical termination 

reactions.131 The linear range of the ethane TD-PERCA reactor of ~600 pptv falls in between these 

two extremes, as the CL and radical concentrations are greater than ethane PERCA at room 

temperature but less than those achievable with CO PERCA. 

 

Figure 5.10 TD-PERCA-CRDS amplification factors as a function of PAN, PPN, and PNA 

mixing ratio. Errors bars correspond to 1σ standard deviation. Mixing ratios of NO and 

ethane were 50050 ppbv and ~1.6%, respectively. The grey underlay indicates the linear 

range. The dark green line corresponds to 26.3±0.4 (slope of data shown in Figure 5.8A). 

 

5.3.5.3 Dependence of chain lengths on inlet temperature 

Next, the temperature dependence of the TD-PERCA-CRDS signal when sampling 

photochemically generated PNA at constant RH and PNA mixing ratio was investigated. 
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Figure 5.11 shows such a temperature scan of ~180 pptv PNA (measured in parallel by CIMS). 

The non-amplified TD profile observed by TD-CRDS is superimposed for comparison. 

A striking feature in Figure 5.11 is the very large increase in the amplified NO2 signal observed 

at temperatures above ~150 °C. This is an artefact that arises from O3 co-emitted by the 

photochemical source and is commented on further in section 5.3.9. 

 

 

Figure 5.11 Amplification of photochemically generated PNA (red) as a function of PERCA 

heater temperature (RH=24%). Simultaneous quantification by CIMS and UV absorption 

showed that the gas stream contained 18028 pptv PNA and 3.50.2 ppbv O3. The non-

amplified TD-CRDS signal (from Figure 5.4), multiplied by 0.18, is shown in green for 

comparison. 

 

It is obvious from Figure 5.11 that the amplification factors are strongly dependent on inlet 

temperature: Even though PNA fully dissociates at temperatures > ~90 °C in our inlets (Figure 

5.4), the amplified signal increased by ~60% in the region from 90 to 135 °C (Figure 5.11, insert), 

corresponding to amplification factors of ~15 and ~22, respectively. This increase is qualitatively 

consistent with the higher amplification factor observed with PAN or PPN at 250 °C.  
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Box model simulations (Figure 4.7) show that the CL is expected to decrease with increasing 

temperature, opposite to what is observed. This occurs because the chain-carrying reactions of 

HO2 and RO2 with NO (e.g., R5.3, Table 5.2) have negative activation energies and are hence 

slower at higher temperatures, lowering the CL. This effect is partially offset when the chemistry 

of HO2·H2O is added to the mechanism (Figures 4.8 and 4.9). 

 

5.3.6 Interferences 

5.3.6.1 Interference from O3 in the measurement of ΣPAN at 250 °C 

When sampling ambient air (data not shown) or when sampling photochemically generated 

PNA (Figure 5.11) the amplified NO2 increases sharply at PERCA inlet temperatures above ~150 

°C. These observations can be rationalized by thermal decomposition of O3. Even though only a 

small fraction of O3 dissociates to O2 + O at ~150 °C in the TD inlet (~0.1%; Figure 5.5),197-198 a 

comparatively large signal is generated because the O atom reacts with C2H6 to form two radicals, 

HO and C2H5.
199 This reaction is competitive in the PERCA inlet (compared to reaction of O with 

O2) because of the high C2H6 concentration (1.7%): The lifetime of O with respect to reaction with 

C2H6 is ~0.34 ms, which is of similar magnitude as the expected lifetime of O with respect to 

reaction with O2 of ~0.15 ms.200  

An alternate inlet configuration in which the inlet length between the NO and ethane addition 

points is increased to allow for sufficient residence time to completely titrate O3 with the added 

NO was considered. However, at the optimum NO mixing ratio for PERCA, the 1/e lifetime of O3 

is ~6 s, making this approach unfeasible. 

Hence, if O3 is sampled with an ethane-based TD-PERCA instrument heated above 150 °C, 

radicals are generated that are amplified by PERCA. Since O3 is typically present at mixing ratios 
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in the tens of ppbv in ambient air, quantification of ΣPAN with an ethane-based 

TD-PERCA-CRDS would be challenging. In contrast, TD-PERCA instruments using CO will not 

have this limitation, as CO reacts with O to CO2 and would not generate ROx radicals. 

 

5.3.6.2 Interference from ΣPAN in the measurement of ΣPN at 95 °C – 110 °C 

A temperature of 95°C (110 °C) is required to dissociate >90% (>99.9%) of PNA in the 

TD-PERCA inlet; at these temperatures, ~12% (~39%) of PAN dissociates (Figure 5.4). Since 

[PAN] > [PNA] (Table 5.1) and hence ΣPAN > ΣPN in most environments, the contribution of 

ΣPAN to the ΣPN signal in ambient air is substantial (and likely also variable given the slope of 

the PAN TD curve in this region). Hence, measurement of ΣPN in ambient air by TD-PERCA-

CRDS with a single channel relative to an NO2 background measurement is unfeasible. 

 

5.3.7 Differential temperature TD-PERCA-CRDS for measurement of ΣPN and ΣPAN  

5.3.7.1 Synthetic air mixtures 

To overcome the limitations outlined in section 5.3.6, a multichannel, differential temperature 

approach was used. Here, two channels were operated at constant temperatures set in the 60 °C to 

110 °C range to avoid the interference from O3 dissociation and ensure that response for ΣPAN 

remains linear (by dissociating only a fraction of its concentration). Since the amount of NO2 

generated by TD-PERCA is a function of temperature and radical chain length (CLT) as well as a 

fraction dissociated (FT) of PNA and ΣPAN, the responses in the two PERCA channels operated 

at different temperatures, T1 and T2, are: 

 [NO2]T1 = CLT1FPAN,T1[ΣPAN] + CLT1FPNA,T1[ΣPN] + [NO2]ref (5.1a) 

 [NO2]T2 = CLT2FPAN,T2[ΣPAN] + CLT2FPNA,T2[ΣPN] + [NO2]ref (5.1b) 
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If the CLT and FT values are measured at temperatures T1 and T2 independently (i.e., offline), and 

[NO2]ref is quantified in an unheated, parallel reference channel, the mixing ratios of ΣPN and 

ΣPAN can be calculated by rearranging equations (5.1a) and (5.1b): 

 

 [ΣPAN] =
([NO2]T1-[NO2]ref)×CLT2FPNA,T2-([NO2]T2-[NO2]ref)×CLT1FPNA,T1

CLT2FPNA,T2×CLT1FPAN,T1-CLT2FPAN,T2×CLT1FPNA,T1
 (5.2a) 

 [ ΣPN] =
([NO2]T2-[NO2]ref)-CLT2FPAN,T2×[ΣPAN]

CLT2FPNA,T2
 (5.2b) 

 

A time series demonstrating this approach using the four-channel setup is presented in Figure 

5.12A. Here, a constant mixing ratio of PNA (along with NO2 and O3 from the photolysis source) 

was added to the inlet between 21:44 and 21:55. At 21:48:30 and at 21:50:45, PAN was added via 

the GC pre-column. The product of CL and F for PAN and PNA at 110 °C, 80 °C, and 60 °C were 

determined offline and are summarized in Table 5.4 and assumed to be the same for all ΣPN and 

ΣPAN species. 
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Figure 5.12 Demonstration of differential temperature TD-PERCA-CRDS. (A) Time series 

of NO2 mixing ratios observed by an unheated reference channel and three TD-PERCA 

channels operated at 60 °C, 80 °C, and 110 °C, respectively. PNA was sampled from 

21:44:30 to 21:54:45, and PAN was added at ~21:49 and ~21:52. (B) Mixing ratios of PAN 

and PNA calculated from (A). 

 

Table 5.4 Products of CL and F for PNA and PAN at 110 °C, 80 °C, and 60 °C (RH = 34%) 

  CL110 °C× F110 °C CL80 °C× F80 °C CL60 °C× F60 °C 

PNA  41.8 ± 0.2 39.5 ± 0.2 31.9 ± 0.1 

ΣPAN  10 ± 1 7.6 ± 0.9 1.2 ± 0.2 
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Table 5.5 Statistics (average  1 standard deviation) of the 1 s data shown in Figure 5.12. 

 PNA (pptv) PAN (pptv) 

Time 

period 

T1 = 110 °C 

T2 = 60 °C 

T1 = 110 °C 

 T2 = 80 °C 

T1 = 80 °C 

T2 = 60 °C 

T1 = 110 °C 

T2 = 60 °C 

T1 = 110 °C 

 T2 = 80 °C 

T1 = 80 °C 

T2 = 60 °C 

21:48:45 – 

21:49:15 
266 ± 4 254 ± 17 267 ± 4 447 ± 26 495 ± 75 430 ± 31 

21:51:15 – 

21:52:45 
261 ± 5 258 ± 14 261 ± 6 480 ± 32 491 ± 68 476 ± 38 

 

 

The time series of PNA and PAN mixing ratios derived from equations 5.2a and 5.2b are 

presented in Figure 5.12B. Consistent results were obtained independent of which pair of channels 

was used in the calculations (Table 5.5). 

 

5.3.7.2 Laboratory air 

The differential temperature TD-PERCA-CRDS was then used to sample and determine ΣPN 

and ΣPAN in laboratory air. The calibration parameters summarized in Table 5.4 were used since 

they were determined with scrubbed air, which has the same RH as the air intake (i.e., the 

laboratory). The results are summarized in Table 5.6. 
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Table 5.6 Statistics (average  1 standard deviation) of the 1 s data of laboratory air (first 

time period), laboratory air spiked with ~260 pptv PNA (second period), and laboratory air 

spiked with 260 pptv PNA and ~480 pptv PAN (third period). 

 ΣPN (ppbv) ΣPAN (ppbv) 

Time 

period 

T1 = 110 °C 

T2 = 60 °C 

T1 = 110 °C 

 T2 = 80 °C 

T1 = 80 °C 

T2 = 60 °C 

T1 = 110 °C 

T2 = 60 °C 

T1 = 110 °C 

 T2 = 80 °C 

T1 = 80 °C 

T2 = 60 °C 

Room air -0.08 ± 0.01  -0.29 ± 0.03  
-0.068 ± 

0.004 
4.21 ± 0.04  5.1 ± 0.1 3.89 ± 0.03 

Room air 

+ PNA 
0.19 ± 0.01 -0.03 ± 0.02 0.20 ± 0.01 3.50 ± 0.03 4.4  0.1 3.17  0.04 

∆(ΣPN) 0.27 ± 0.01 0.26 ± 0.04 0.27 ± 0.01    

Room air 

+ PNA + 

PAN 

0.19 ± 0.01 -0.02 ± 0.02 0.20 ± 0.01 3.99 ± 0.04 4.8 ± 0.1 3.70 ± 0.03 

∆(ΣPAN)    0.49± 0.04 0.40  0.14 0.52  0.05 

 

The determined room air ΣPN values mixing ratios are negative (i.e., not physically possible). 

The ΣPAN mixing ratios are unreasonably large as such high mixing ratios have never been 

observed in the Osthoff group laboratory by GC, TD-CRDS, or by CIMS and suggests that there 

is (or are) species that dissociate in the TD inlet and generate ROx radicals or, perhaps, atomic 

oxygen other than ΣPAN. These unknown interfering species seem to have different TD profiles 

than PAN and PNA as the differential response differs when different pairs of channels are used 

in the calculation. Furthermore, the response to the unknown species is more prominent when the 

hottest (110 °C) channel is used in the calculation. 

When ~260 pptv of PNA and ~480 pptv PAN (using the same setup as for Figure 5.12 and 

Table 5.4) were added to the sampled laboratory air, the responses (i.e., ∆(ΣPN) and ∆(ΣPAN) are 
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consistent in all channels, which suggests that the chain lengths and dissociated fractions had not 

changed. This observation corroborates that the ethane based TD-PERCA-CRDS in reality 

quantifies ΣPAN*, which includes PAN, PPN, etc. plus one or more unidentified species. In 

section 4, the potential identity of these unknown species is discussed. It is unclear if a CO-based 

TD-PERCA would suffer from this interference as well. 

 

5.3.8 Figures of merit 

The ability of TD-PERCA-CRDS to detect radicals is limited by the instrument's ability to 

detect differences in NO2 concentration after amplification, calculated using:66 

 [𝑁𝑂2]𝑚𝑖𝑛 = 
𝑅𝐿

𝑐𝜎
(
𝛥𝜏𝑚𝑖𝑛

𝜏0
2 )  (5.3) 

Here, [NO2]min is the smallest NO2 concentration that can be detected, ∆τmin is the smallest 

measurable difference between ring-down time constants in the presence (τ) and absence (τ0) of 

NO2, c is the speed of light, σ is the NO2 absorption cross-section at 405 nm 

(6.11019  cm2 molecule-1),65 and RL is a correction factor. ∆τmin is approximately:66 

 𝛥𝜏𝑚𝑖𝑛 = √2 × 𝜎(𝜏0) (5.4) 

When sampling zero air, the LOD for NO2 was 49 pptv (1 s, 1 σ). In the presence of NO and ethane 

reagent gases, the LOD increases to 87 pptv (1 s, 1 σ). 

Employing the dual-channel-TD-PERCA-CRDS with the PERCA heater at 250 °C, a CL of 69 

factored in, and in the absence of NO2, the 1 s, 1 σ LOD for ΣPAN* was 1.3 pptv. At an inlet 

temperature of 120 °C and with a CL of 26, the LOD for PNA was 3.4 pptv. When averaging for 

90 s, the minimum of an Allan variance plot (Figure 7 of Paul and Osthoff)65 the LOD improves 

to 8.7 pptv for NO2 , 0.13 pptv for ΣPAN*, and 0.33 pptv for PNA. 
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The accuracy of TD-PERCA-CRDS is limited by uncertainties in CL (7% for dry air), 

variability in the response to different type of peroxy radicals (9%),131 and of the NO2 

measurement (4%) which is dominated by uncertainties in the absorption cross-section and RL.65 

Adding these in quadrature gives a combined uncertainty of 12% for dry air. 

An additional uncertainty factor for the differential temperature TD-PERCA-CRDS is the 

uncertainty in FT. The chambers are operated at temperatures where FT is highly sensitive to 

temperature (Figure 4). Judging from the scatter observed (for example, in Table 5.4), An 

additional 5% random error is expected to be introduced, raising the combined measurement 

uncertainty to 13%. Not included in this estimate are systematic errors that might arise from the 

unknown and potentially variable TD profile of the interferences included in ΣPAN*. 

5.3.9 Interference Tests 

A series of qualitative tests using a semi-random collection of chemicals in the laboratory was 

conducted to evaluate the selectivity of the TD-PERCA-CRDS. At 110 °C, there was no response 

to the head space vapors above samples of hydrogen peroxide (H2O2), dinitrogen pentoxide 

(N2O5), acetone, water, or sodium hypochlorite solution.  

Small negative signals were observed when sampling near surfaces such as human hand or from 

within an enclosed space, rationalized by dry deposition of O3 and NO2 to these surfaces.201 

Additionally, negative signals were observed when acetic acid, 4-heptanone, or  iodine were 

sampled. 
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5.4 Discussion  

The goals of this chapter were to (1) develop an ethane based TD-PERCA-CRDS, (2) determine 

the CL at elevated temperatures, and (3) to evaluate the feasibility of using ethane-based 

TD-PERCA to quantify ΣPN and ΣPAN in ambient air. The TD-PERCA-CRDS was calibrated 

and characterized. The TD-PERCA-CRDS owes its good sensitivity to its high CL, which 

increases with temperature. Attempts to rationalize the observations in light of the model 

simulations (Chapter 4) were limited because models simulating PERCA need to take wall loss 

rates into account and are generally poor predictors of experimental chain lengths. From a gas-

phase kinetics perspective, reactions of HO2 and RO2 with NO (e.g., R5.3, Table 5.2) have a 

negative activation energy and are thus expected to slow down at higher temperatures, decreasing 

turnover rates and the CL. On the other hand, the RH dependence is reduced by heating, in part 

because one of the radical chain-terminating reaction, HO2+NOHNO3, proceeds via a water 

adduct (HO2·H2O).144-145 The temperatures within the PERCA reaction heater are sufficiently 

elevated to dissociate this intermediate, shutting down this radical sink reaction. In addition, the 

elevated temperatures inside the reactor may lessen reactions at the reactor inner wall surfaces (by 

driving off adsorbed water molecules, for example) though direct evidence for this happening is 

lacking. 

However, several stumbling blocks were encountered that on aggregate indicate that the 

measurement of ΣPN and ΣPAN in ambient air would be difficult and error-prone in practice. On 

the one hand, the ethane-based TD-PERCA-CRDS has demonstrated great LODs (<1 pptv for 

ΣPAN* and PNA). This constitutes a considerable improvement compared to our previous 

generation TD-CRDS, whose LOD was in the 100s of pptv,65 and represents the first optical 

absorption measurement of PNA at concentration levels of the same magnitude as found in 
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ambient air (Table 5.1). In addition, the measurement can tolerate a large NO2 background through 

selective amplification of the desired signal: In Figure 5.12, for example, the NO2 background was 

>30 ppbv, yet PNA and PAN were quantified with a 1 s, 1 σ precision of <6 pptv and <40 pptv, 

respectively (Table 5.5). Moreover, the sensitivity of the ethane-based TD-PERCA is better than 

the room temperature measurement of ROx radicals (1.6 pptv; 90 s, 2 ),131 mainly because of the 

greater amplification (~69 vs. ~25) and in spite of the CAPS sensor being slightly more sensitive 

to NO2 than our CRDS. Furthermore, the instrument's sensitivity is comparable to (or better than) 

what is achievable with commonly used GC and CIMS methods. For example, at an inline 

temperature of 120 °C, the sensitivity of TD-PERCA-CRDS for PNA was of the same order of 

magnitude as our CIMS at its non-specific ion at m/z 62 and the optimized CIMS recently described 

by Chen et al.162  

On the other hand, however, the TD-PERCA-CRDS method has several drawbacks, some of 

which still need to be overcome to make ambient measurements of ΣPN and ΣPAN a reality. The 

first challenge is posed by the TD profiles of PAN and PNA (Figure 5.4) which are not completely 

separated. This overlap is particularly problematic in ambient air because the signal generated by 

the typically much smaller PNA concentrations could be overshadowed by a much larger ΣPAN 

signal. In this work, the overlap of the TD profiles of PNA and PAN (and, the rather limited 

dynamic range of <500 pptv) was overcome by the differential temperature / linear combination 

method (section 5.3.7) in which ΣPAN was only partially dissociated and PNA close to completely 

dissociated.  

A complication is that methyl and ethyl peroxy nitrate have TD profiles that are similar, but not 

identical, to that of PNA; these molecules dissociate at lower temperatures than PNA (Table 5.3). 
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This does not matter if the TD-PERCA inlets are operated at temperatures at which all three 

molecules are fully dissociated (or nearly so) as in this work.  

The differential temperature approach has the additional advantage of avoiding the O3 

interference that occurs above 150 °C, which would otherwise have been a serious issue because 

of the typically much larger O3 than PAN or PNA concentrations in ambient air, and gave 

consistent results in synthesized air mixtures and room air. 

A second drawback of TD-PERCA is the RH dependent CL, which necessitates frequent 

calibrations to determine CLF at each channel's temperature, though this could in principle be 

straightforward with photochemical sources of PNA and PAN and automated switching. At the 

same time, frequent calibrations of CL and F would relax the need to carefully match the responses 

in each of the TD channels, which is a requirement in conventional TD instruments. 

A third and most substantial drawback are the interferences. The O3 interference is easily 

avoided by switching the instrument from ethane to CO operation. With CO, any O generated from 

O3 dissociation would react to form CO2 and be of no further consequence. However, CO-PERCA 

is somewhat unappealing because of CO's high toxicity and lack of smell, making its use 

impractical and impermissible in some university laboratories due to legitimate safety concerns. 

Mihele and Hastie118 used PAN as a radical source by heating a short section of the inlet of their 

CO-PERCA to 200 °C and found the CL to be the same as other radical sources (which included 

passing H2 past a heated wire and a Cl2 photolysis source), which suggests that the CL in a CO 

based PERCA is less dependent on temperature than with an ethane based PERCA, which would 

be another advantage of CO based PERCA. 

The unknown interference observed in laboratory air is by far the biggest hurdle. The identity 

of the molecule or class of molecules interfering, and if the interference is present in ambient air, 
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away from anthropogenic sources, or found only within a chemistry laboratory remains unclear. 

Some interferences were conducted (Chapter 6, section 6.3.6) but were inconclusive. More work 

is needed to identify which molecules or class of molecules interferes in TD-PERCA-CRDS and 

are included in ΣPAN*. It is possible that the interfering species thermally dissociate(s) to release 

O atoms; if that's the case, this interference would not be present in a CO based TD-PERCA. 

Hence, measurements using a CO-based TD-PERCA should be attempted. 

 

5.5 Conclusion 

A TD-PERCA-CRDS instrument was constructed, characterized and calibrated. The TD-

PERCA-CRDS has an amplification factor of up to 69±5 at 250 °C, which provides for a LOD 

(1  s, 1 σ) of 1.3 pptv. For the measurement of ΣPAN and PNA in ambient air a differential 

temperature TD-PERCA-CRDS setup was developed and evaluated. The setup was capable of 

simultaneously measuring both ΣPAN and PNA on top of a large background of NO2. In ambient 

air, however, the instrument suffers from an unidentified interference. Identifying this interference 

and assessing whether or not this interference is present in TD-PERCA-CRDS instruments 

employing CO as a chain carrier would be a logical next step. 
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Chapter Six: Detecting TATP with TD-PERCA-CRDS 

Parts of this chapter have been accepted for publication by Analytical and Bioanalytical 

Chemistry, doi: 10.1007/s00216-018-1072-0.202 

This chapter focuses on the detection of the peroxide explosive TATP by TD-PERCA-CRDS. 

A sample of TATP was synthesized and characterized with FTIR. 

 

6.1 Introduction 

TATP, is the most commonly encountered peroxide explosive, and is increasingly being used 

in terrorist attacks.15 The lack of metallic elements or easy to identify functionality (e.g. NO2) has 

made the detection of peroxide explosives challenging.2, 12 Recent advances in explosive detection 

technology have made great strides, yet, the rapid and efficient detection of TATP, and other 

peroxide explosives, without the need for sample pre-concentration or swabbing has yet to be 

realized.23-24 The thermal decomposition of TATP is believed to proceed via a series of radical 

intermediates12 which may be exploited in a detection scheme. Here, the detection of TATP, via 

the radical intermediates of its thermal decomposition, will be attempted by TD-PERCA-CRDS. 

 

6.2 Materials and methods 

6.2.1 Preparation of explosive samples 

Because TATP is an explosive material that is shock- and heat-sensitive, care was used in its 

preparation. TATP was synthesized by amalgamating several literature procedures.12, 14 Briefly, 

hydrogen peroxide solution (50%), acetone (HPLC grade), and sulfuric acid (99.999%) were 

purchased from Sigma-Aldrich (Oakville, ON) and were used as received. All reagents and 

glassware were pre-cooled using an external ice-water bath. 0.5 mL acetone, 0.5 mL H2O2 and a 
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drop of sulfuric acid were added to a 50 mL round bottom flask and allowed to warm up to room 

temperature. After 24 hours, a white solid had formed which was dissolved in 10 mL pentane, 

washed with 10 mL water in a 125-mL separatory funnel, dried by filtering through anhydrous 

MgSO4 (Sigma-Aldrich), and allowed to evaporate to dryness in a 3-valve glass vessel (similar to 

the one shown in Figure 5.2), forming, a clear, colorless, and cubic crystal.  

Analysis of the head space vapor by FTIR (see below) revealed the presence of an impurity, 

which was removed by subsequent recrystallization from methanol.203 Some experiments were 

replicated with a commercial TATP sample (Accustandard, New Haven, CT) shipped as a 100 μg 

mL-1 solution in acetonitrile (ACN) contained in a sealed 1 mL ampule. This sample was 

transferred to a clean 3-valve glass vessel for sample delivery. Results (not shown) with the 

commercial sample were identical to those obtained with the material synthesized in house.  

 

6.2.2 Fourier Transform Infrared Spectroscopy 

The mid-infrared spectrum of TATP vapor was recorded on a Bruker Tensor 27 FTIR equipped 

with a multi-pass cell (Gemini Spectral Sciences, Garfield, NJ, Venus Series) with 6.4 m optical 

path length. The resolution of the spectrometer was 0.5 cm-1. Background spectra were acquired 

by flushing the multipass-cell with ultrapure, "zero" grade air (ZA; Praxair). The absorption cell 

was then filled with TATP vapor by flushing the head space above the TATP crystal with ~5 sccm 

of ZA through the cell. 16 sample and 16 background scans were averaged. 

 

6.2.3 Generation of gas streams containing TATP 

The explosive sample was placed in a 3-valve glass vessel, whose head space was purged with 

O2, whose flow rate was controlled at 15 sccm using a 100 sccm MFC. This flow was sent through 
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the FTIR multipass cell and combined with a flow of ZA that was slightly greater than the sampling 

flow rate of the TD-PERCA-CRDS (~3 slpm).  

In addition, ambient air experiments were conducted in which the glass vessel containing the 

TATP sample was placed next to the TD-PERCA-CRDS inlet with the opening of the glass vessel 

at a distance no greater than ~ 5 cm. The glass vessel was opened to ambient air and the contained 

vapor allowed to diffuse into the room for ~ 2 minutes as the TD-PERCA-CRDS sampled the air 

nearby. To reduce air currents generated by the lab's overhead ventilation system, the glass vessel 

was placed beneath a desk covered on all sides with a linen cloth. In addition to the TATP samples, 

blanks consisting of cleaned (empty) glass vessels were sampled. 

 

6.3 Results 

6.3.1 Mid-infrared spectrum of TATP vapor  

The gas-phase FTIR spectrum of TATP is shown in Figure 6.1. The observed frequencies and 

intensities are summarized below (Table 6.1). Prior to recrystallization, the spectrum contained a 

strong peak at 3442.5 cm-1 (Figure 6.1, gray trace). Recrystallization of TATP from methanol 

following the procedure by Oxley et al.203 removed this peak and several shoulders from the other 

transitions (plus many water and CO2 lines present initially as impurities). 

 



 

126 

 

Figure 6.1 (Top) FTIR absorption spectra of TATP vapor before (gray color) and after 

recrystallization (red color). The strongest TATP transitions are labeled with the main 

atoms involved in and the type of vibrational motion (str = stretching motion, astr = 

asymmetric stretching motion). (Bottom) Reference spectra63 of water (blue color), carbon 

dioxide (black color), hydrogen peroxide (red color) and acetone (green color) scaled to the 

mixing ratios indicated in the legend 
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Table 6.1 Infrared transitions of TATP. n/o = not observed  

Frequency 

observed 

(cm-1) 

Intensity 

(absorbance 

units) 

DATP – 

Literature20

4 gas phase 

values  

(cm-1) 

TATP - 

Literature20

5 gas phase 

values  

(cm-1) 

TATP - 

average 

solid state 

(cm-1)206 

Assignment206 

Absorption 

cross-

section* 

(10-20 cm2 

molecule-1) 

1146 0.018 1151.6 - 1129 CCO b, CO str 1.8 

1195.3 0.366  1193.8 1186 CC str, CCO b 37 

  1205.5     

1208.8 0.327  - 1202 CCC b, OCO b 33 

1238.7 0.069  - 1234,1246 
CC str, CCO b 

OCO b, CO str 
7 

  1270.9     

1277.9 0.033  - 1275 CCO b, CO str 3 

1366.5 0.076  - 1369 CCC asym str 8 

1370.8 0.178  - 
1369 CCO b 

18 

1376.5 0.125  - 13 

1380.6 0.109 1380.3 - 
1386 CCC sym str 

11 

1384.5 0.078  - 8 

  1431.3     

1443.4 0.009  1441.2 
1434 

1448 

CH2 b 

CH2 b 
0.9 

1468.7 0.019 1469.8 - 1460 CH2 b 1.9 

n/o -  - 2718 overtone/combination  

2877.1 0.011  - 2867 CH str 1.1 

2955.3 0.082 2954.1 2944.7 2948 CH str 8 

3002.4 

3005.7 

3010.4 

3013.1 

3017.5 

0.082 

0.114 

0.093 

0.080 

0.093 

3006.5 3010 

2997  

3004  

3004 

CH str  

CH str  

CH str 

8 

11 

9 

8 

9 

  3033.4     

* Lower limit as it is assumed that saturation vapor pressure was achieved; uncertainty of 44%. 
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Even though there are 93 vibrational modes in TATP plus combination and overtone transitions, 

the mid-IR spectrum of TATP is relatively simple as many transitions overlap and are not resolved. 

There is agreement between the spectrum in Figure 6.1 and the (literature average) transitions 

given by Brauer et al.206 (Table 6.1) in that all expected transitions were present. Furthermore, 

transitions belonging to starting materials (i.e., of acetone and hydrogen peroxide) were not 

observed.  

Assuming that TATP achieved saturation vapor pressure of (6.3±2.8)×10-5 atm at 25 °C,28 the 

spectrum after recrystallization shown in Figure 6.1 allows an estimation of the (upper limits of 

the) TATP absorption cross-sections. For the major peak in the spectrum at 1195 cm-1, for example, 

the absorption cross section is (3.7±1.6)×10-19 cm2 molecule-1. Cross-sections for the other peaks 

are summarized in Table 6.1.  

 

6.3.2 TD-PERCA-CRDS measurements of background air and air spiked with TATP 

A time series showing the response of TD-PERCA-CRDS, with its inlet heated to 250 °C, to 

reagent gases, background air, and TATP is presented in Figure 6.2. In this example, the 

zero-concentration level was established beforehand by sampling ZA (not shown).  

At 20:38, ~655 ppbv of NO were added to the sampled air, producing a small offset (~3.3 ppbv in 

this example). At 20:39, the ZA flow was stopped and the instrument sampled room air. 

Indoor air contains PAN and O3 at concentrations that are smaller than found in outside air but can 

nevertheless be non-negligible.201, 207 The NO added to the inlet will react with O3: 

NO + O3  O2 + NO2          R6.1 

At 250 °C, the PANs are fully dissociated, generating four equivalents of NO2.
65 In the example 

shown in Figure 6.2, a total of ~20.6 ppbv of NO was oxidized to NO2 by these pathways. 
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 At 20:41, ~1.5% ethane was added to the inlet, initiating PERCA and raising the NO2 level to 

~275 ppbv. Most of this signal is due to chemical amplification of PA radicals generated from TD 

of PAN. In addition, this signal is due to the partial dissociation of O3 to O as discussed in chapter 

5.3.6. 

 

 

Figure 6.2 Time series showing the response of TD-PERCA-CRDS, with its inlet heated to 

250 °C, to zero air plus 655±3 ppbv NO (white background), ambient air plus NO (gray 

background), NO and (1.5±0.1)% ethane plus ambient air (blue background), and with 

additional TATP vapor (red background) 

 

At 20:42 (Figure 6.2), a TATP sample was placed in front of the inlet, and a sharp increase in 

signal, ~115 ppbv above the background level, was observed. 

 

6.3.3 Optimization of TD-PERCA-CRDS response to TATP vapor 

Figure 6.3 summarizes the TD-PERCA-CRDS response to TATP in ZA as a function of inlet 

temperature. In the absence of TATP and presence of NO and ethane, there was no response by 

TD-PERCA-CRDS regardless of sampling temperature (Figure 6.3, black circles). Likewise, there 
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was no response to TATP in the absence of PERCA gases (i.e., NO, or NO and ethane) over this 

temperature range (data not shown). 

 

 

Figure 6.3 Mixing ratios of NO2 observed by TD-PERCA-CRDS during headspace analysis 

of a TATP sample as a function of inlet temperature. Black circles: reagent gases only. Red 

squares, green inverted triangles, and purple diamonds: TATP plus NO. Blue triangles: 

NO plus ethane. The error bars represent the standard deviation (±1 σ) of consecutive 

measurements at a given temperature. Superimposed on the right-hand axis (shaded areas) 

are the TATP mixing ratios expected for two trial runs with TATP at mixing ratios 

calculated from TATP's saturation vapor pressure multiplied by its expected extent of 

dissociation and flow dilution factor (see text). The shaded regions represent the 

uncertainty (±1 σ) associated with the vapor pressure of TATP 

 

When sampling the TATP headspace in the presence of 0.7 ppmv NO (Figure 6.3, red squares), 

a temperature dependent signal that increased up to 51±5 ppbv at 250 °C was observed. The same 

dissociation profile (Figure 6.3, magenta diamonds and green triangles) was observed independent 

of TATP concentration. Upon addition of ethane, this signal was amplified further, up to 

431±33 ppbv of NO2 at 250 °C (Figure 6.3, blue triangles).  

Shown on the right-hand axis of Figure 6.3 is the amount of TATP expected to decompose, 

which was calculated as follows: Assuming saturation vapor pressure (6.3±2.8)×10-5 atm at 



 

131 

25 °C28 within the 3-neck flask, and applying a dilution factor the TATP mixing ratio reaching the 

inlet heater was calculated. For example, during run 1 (Figure 6.3) the dilution factor was 

(1.9±0.4)10-3 (TATP sample flow/ total instrument flow = (51) sccm / (2602100) sccm) and 

the TATP mixing ratio reaching the inlet was determined to be 13848 ppbv. For run 2, the dilution 

factor was (6±4)10-4, giving a TATP mixing ratio of 4130 ppbv. Of these amounts, only a 

fraction (depending on inlet temperature) decomposes at temperatures < ~325 °C, as explained 

below. 

The thermal decomposition of TATP follows first-order kinetics.14 The amount that thermally 

decomposes in the heated inlet, [TATP]dec, was estimated using:55  

[TATP]dec = (1 – e-kt) [TATP]0        (6.1) 

Here, [TATP]0 is the amount of TATP present initially, and t is the residence of TATP in the inlet. 

The rate coefficient for thermal decomposition, k, is calculated using the Arrhenius equation 

(Ae(-Ea/(RT)) where R is the universal gas constant (8.314 J mol-1 K-1), and A and Ea are equal to 

3.751013 s-1 and 151 kJ mol-1, respectively.14  

The residence time in the converter, t, was calculated using the inner dimensions of the quartz 

heater and the flow rate and was ~0.24 s. The thermal dissociation profiles were calculated by 

multiplying equation (1), the equilibrium vapor pressure of TATP, and the flow dilution factor for 

the conditions of runs 1 and 2 and are shown as underlays in Figure 6.3. 

In the presence of NO, the shape of the experimental TD profiles matched those of the expected 

profiles. The relative concentrations, however, require an NO-only amplification factor of 2.60.5. 

This amplification factor was constant for NO mixing ratio > ~700 ppbv (Figure 6.4). 
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Sampling TATP in the presence of both PERCA gases, i.e., NO and ethane, results in up to 

431±33 ppbv (Figure 6.3, blue triangles) of NO2 at 250 °C. Higher temperatures were not 

investigated as the amount of NO2 that could be generated would have been limited by the amount 

of NO. This much larger response in the presence of ethane shows that TD of TATP produces 

radicals that are chemically amplified to produce a large analytical signal. 

Unlike the NO-only amplification, the amplification factor in the presence of ethane and NO is 

non-linear and scales roughly inversely with radical concentration, mainly due to radical – radical 

self-reactions at these large concentrations.131 Nevertheless, an amplification factor of 22±3 

(temperature range 190 – 250 °C) was achieved, corresponding to additional amplification by a 

factor of ~9 per TATP decomposed. 

 

6.3.4 Dependence of TATP signal on NO mixing ratio  

The concentration dependence on NO mixing ratio was verified by sampling a constant mixing 

ratio of TATP with the TD-PERCA-CRDS operated in NO-only mode at an inlet temperature of 

325 °C. The experiment was conducted twice, at TATP mixing ratios of ~1 and ~6 ppbv; these 

mixing ratios were calculated assuming saturation vapor pressure and flow dilution as described 

in section 6.3.3. For clarity, the observed NO2 mixing ratios were normalized (i.e., divided by their 

respective maximum values) before presentation.  
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Figure 6.4 Dependence of observed normalized TATP signal on NO mixing ratios with 

TD-PERCA-CRDS operated in NO-only mode 

 

The results (Figure 6.4) show that above ~700 ppbv of NO the amount of NO2 generated is 

independent of NO mixing ratio. Shown on the right hand-side of Figure 6.4 are pseudo-first 

lifetimes of CH3O2 and CH3C(O)O2 with respect to reaction with NO (the rate coefficients are 

listed in Table 5.2). At the lower NO mixing ratios in Figure 6.4, the lifetimes of these peroxy 

radicals approaches the residence time of the gases in the PERCA inlet (~0.24 s), preventing the 

reaction from going to completion prior to measurement of NO2. 

 

6.3.5 Figures of Merit 

When sampling ZA in the presence of ~2 ppm NO, the CRDS has a minimum detectable NO2 

mixing ratio (calculated using equation 6 of 66) of ~56 pptv for data averaged over 1 s. At ~325 °C 

in NO-only mode, the TATP detection limit is then ~22 pptv, more than six orders of magnitude 

below this compound's saturation vapor pressure. In the presence of ethane and NO at 250 °C, the 

minimum detectable NO2 mixing ratio was ~100 pptv for 1 s data, corresponding to ~5 pptv of 

TATP. 
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6.3.6 Interference tests 

A positive signal was observed when skin moisturizer cream or anti-perspirant was held up to 

the inlet; the signal intensity was several orders of magnitude less than observed for TATP (not 

shown). Ingredients possibly causing this interference are discussed below. 

 

6.4 Discussion 

6.4.1 Mid-infrared spectrum of TATP vapor  

The mid-IR spectrum of TATP vapor reported here fills an important void in the current 

literature as there are few IR spectra of TATP reported, and most of those reported are in the solid 

state (and not of TATP vapor) or the description of the spectra was not comprehensive (e.g., no 

cross-sections, tables of transitions etc.). Knowledge of the TATP gas phase spectrum is needed 

to enable its detection by IR sensors. 

Brauer and coworkers206 provided a comprehensive summary of TATP infrared transitions. 

They assigned the mid-IR spectrum of TATP on the basis of available solution and solid-state 

spectra and their own theoretical predictions. Many of the transitions observed in this work are 

blue-shifted by a few cm-1 relative to those reported by Brauer et al.,206 likely because of a lack of 

intermolecular interactions (such as hydrogen bond bridges)12 that occur in the solid or liquid phase 

but not in the gas phase. 

Our observations are consistent with other gas phase spectra reported in the literature such as 

the Raman transitions reported by Pacheco-Londono et al.205 and the spectrum shown by 

Hildenbrand et al.,94 who unfortunately did not tabulate the IR frequencies they observed.  

Recently, Guo and coworkers reported the gas-phase IR spectrum of diacetone diperoxide 

(DADP);204 several peaks that they reported for DADP were not present in Figure 6.1, indicating 
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the absence of DADP in this work. Overall, the IR spectrum confirms that the head space above 

the synthesized TATP sample contained TATP in high purity. 

The transitions of impurities prior to recrystallization are documented as such transitions may 

be utilized for forensic "fingerprinting". The impurity peak at 3442.5 cm-1 observed originally 

(Figure 6.1, gray trace) likely originated from an intermediate formed during TATP synthesis that 

co-precipitated. One potential candidate is (CH3)2C(OH)-OO-C(CH3)2OOH, a molecule which 

was observed by Pacheco-Londono and coworkers during TATP synthesis.205 

 

6.4.2 Implications on the mechanism of TATP decomposition 

The results presented here shows that CH3 is formed during the thermal decomposition of 

TATP. A proposed mechanism is shown in Figure 6.5. The main decomposition pathway for TATP 

follows a non-redox mechanism and involves several acetone elimination steps to yield O3 (Figure 

6.5, top row).12, 14, 208  Upon formation of a first equivalent of acetone an alkoxy peroxyl diradical 

intermediate species (I) is formed. This diradical is believed to proceed to form a 7-membered ring 

(II) before further thermal decomposition yields a second equivalent of acetone and an alkoxy 

trioxyl diradical (III). (III) then forms a third equivalent of acetone and releases an O3 molecule.  

When sampling TATP in NO-only mode (e.g., Figure 6.3, run 1 and run 2), an NO2 signal a 

factor of 2.6±0.5 larger than that expected from TATP saturation vapor pressure and flow dilution 

was observed. This amplification factor is a lower limit since TATP may not have achieved 

saturation vapor pressure in the glass vessel. The amplification indicates that the thermal 

dissociation does not exclusively proceed via pathway 1 as this pathway only generates 1 

equivalent O3 which reacts with NO to NO2.  A plausible explanation is that radical intermediate 

(I) is sufficiently long-lived to react with NO rather than eliminating acetone.  
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Upon reaction of the alkoxy peroxyl diradical (I) with NO, the dialkoxy diradical (IV) is formed. 

(IV) is the ring opening product of DADP and may proceed via a C-O cleavage to stepwise 

eliminate two acetone molecules leaving an O2 molecule. This pathway provides for 1 equivalent 

of NO2. 

Alternatively, (IV) may proceed via C-C cleavage to produce a methyl radical and intermediate 

(V). (V) may then decompose via a C-C cleavage to form two more methyl radicals. In NO-only 

mode, the methyl radical proceeds via reactions R1, R3, R5 and R2 to produce two equivalents of 

NO2; thus, this pathway yields 9 equivalents of NO2.  

Alternatively, (V) could potentially eliminate acetone to form the PA radical which converts 

NO molecules to NO2. On aggregate, this pathway yields 6 NO2 molecules per molecule of TATP.  

Since no single pathway rationalizes the yield of 2.6 radicals per TATP, the thermal decomposition 

of TATP in the presence of NO likely involves a combination of the above pathways. 

Sampling TATP in the presence of NO and C2H6 resulted in signals amplified to such a degree 

that a large fraction of the ~0.7 ppmv of NO reagent were depleted (Figure 6.3, blue triangles). 

This large amplification upon addition of ethane corroborates the notion that peroxy radicals are 

generated during the decomposition of TATP and is consistent with the conclusions of the 

NO-only experiments. 
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Figure 6.5 Proposed mechanism for TATP decomposition in the presence of NO 

 

6.4.3 TD-PERCA-CRDS as a TATP detection method 

The TD-PERCA-CRDS method developed enables highly sensitive (~5 pptv), rapid (1 Hz), 

continuous, and robust detection of TATP in ambient air. The figures of merit top most TATP 

detection methods reported in the recent literature (Table 6.3), all while deploying the easiest 

possible sample introduction method, direct gas analysis. The highest sensitivity (5 pptv; 0.5 pg 

equivalent) was achieved when the TD-PERCA-CRDS was operated with both ethane and NO. 

Though less sensitive by an order of magnitude, the NO only mode would be more attractive for 

routine screening applications as it requires fewer reagent gases and produces easier to handle 

exhaust, though it would be straightforward to switch in ethane for boosted sensitivity if desired. 

The ultrahigh sensitivity of TD-PERCA-CRDS is a considerable advantage as it would help in 
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overcoming deliberate concealment of TATP (e.g., in a sealed plastic bag), which reduces the 

observed mixing ratios of an explosive by a factor of ~1,000.17 

The TD-PERCA-CRDS is expected to be robust as it builds on the now 30-yr old CRDS 

technique, which has matured to a point that turn-key instruments have become commercially 

available from multiple manufacturers. Even though multiple detection channels are used in this 

work, a single CRDS channel would suffice for TD-PERCA-CRDS and enable a more compact 

instrument design.  

One disadvantage of TD-PERCA-CRDS is the background arising from presence of O3 and 

PAN in ambient air, which is considerably larger when operated in ethane-PERCA mode. While 

this background will drift over the course of a day (as indoor air is exchanged with outdoor air and 

O3 is produced photochemically), it is not expected to change suddenly, certainly not on a time 

scale of a few seconds needed for screening. TATP (when present) generates a large signal (e.g., 

Figure 6.2) that is easily distinguishable from the slowly varying background. Furthermore, many 

buildings (e.g., hospitals) use scrubbers that condition intake air and remove much of the PAN and 

O3, hence reducing the atmospheric background signal. 
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Table 6.2. A comparison of selected TATP vapor detection methods. More methods are 

given by 209 and references therein 

Detection Method Sampling Method LOD  
Sampling and 

analysis time 
Reference 

IR laser spectroscopy 
Collected onto hollow fibers prior to 

delivery into detection cell 
430 ppbv 5 min 94 

Hybrid organic semiconductor 

sensor 
Direct gas analysis 100 ppbv 30 s 210 

Chemiluminescence 
Swabbing and digestion prior to 

analysis 
40 ppbv 5-10 min 96 

IR photoacoustic spectroscopy Direct gas analysis 
18 ppbv 

 
30 min 89 

Proton transfer reaction mass 

spectrometry 
Direct gas analysis 15 ppbv 1 s 211 

Metal oxide semiconductor sensor Direct gas analysis 12 ppbv 30 minutes 101 

Selected ion flow tube mass 

spectrometry 
Direct gas analysis 10 ppbv 1 s 212 

Colorimetric sensor array 
acid catalyzed gas analysis followed 

by assay 
2 ppbv 5 min 99 

Ion mobility spectrometry (IMS) 
Gas collected using planar solid-

phase micro extraction (SPME) 
10 mg 35 s 30 

IMS Swabbing prior to vapor desorption 2-4 μg 4 – 10 s 213 

Electrospray ionization MS Liquid sample injection 62.5 ng 60 s 214 

GC-IMS Swabbing prior to vapour desorption 10 ng 220 s  42 

Solid-phase micro-extraction 

(SPME) – GC – MS  
Gas collected using SPME 5 ng 10+10 min  215 

Desorption electrospray 

ionization mass spectrometry 

(DESI-MS) 

Pneumatically-assisted electrospray 

from a surface 
1 ng 5 s 216 

GC-TOF-MS Solution 50 pg 20 min 217 

TD-PERCA-CRDS (NO only 

mode) 
Direct gas analysis 

22 pptv 

(2 pg) 
1 s This work 

TD-PERCA-CRDS (ethane 

PERCA) 
Direct gas analysis 

5 pptv 

(0.5 pg) 
1 s This work 
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A major disadvantage is the response to anti-perspirant and skin cream/moisturizer products. 

These products contain numerous compounds, including cyclopentasiloxane (D5). Cyclic 

siloxanes are slightly volatile and thermally decompose to release methyl radicals,218 though the 

Arrhenius parameters for decomposition219 are such that this molecule is not expected at inlet 

temperatures used in this work. However, recent studies220 suggest that pyrolysis of polysiloxanes 

may occur at temperatures as low as 70 °C. TD of polysiloxanes generates dimethylsilonane 

((CH3)2SiO, D1) as an intermediate, whose further decomposition generates two CH3 radicals218 

and, in the presence of excess NO, four equivalents of NO2. Organosiloxanes have become 

ubiquitous in the environment and are commonly used.221 This  compromises the utility of 

TD-PERCA-CRDS at security checkpoints as it makes it prone to false positives, though 

TD-PERCA-CRDS may nevertheless be useful as a first screening tool.  

On the other hand, it is likely (and an advantage) that this instrument would respond to peroxide 

explosives other than TATP: For instance, DADP likely decomposes via a radical mechanism14 

similar to that of TATP  and hence is expected to be detectable by the TD-PERCA-CRDS. 

Furthermore, the instrument would respond to the vapors of certain NO2-containing explosives 

(e.g., PETN) though only if these were present in very high concentration. 

 

6.5 Conclusion 

The detection of TATP was demonstrated using TD-PERCA-CRDS. Radicals generated during 

the thermal decomposition of TATP were reacted with NO and measured indirectly as NO2. In NO 

only mode, the TD-PERCA-CRDS LOD with respect to TATP was found to be 22 pptv. In ethane 

PERCA mode the TD-PERCA-CRDS LOD with respect to TATP was 5 pptv. Despite ambient air 

interferences, TD-PERCA-CRDS provides a sensitive and robust TATP detection method. 
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Chapter Seven: Thesis summary, conclusions, and future work 

 

My research has focused on the development of indirect explosive detection methods capable 

of detecting explosive vapours in ambient air. My work was motivated by the need to develop 

improved explosive detection instrumentation. Current explosive detection technologies often fail 

to provide real-time detection of explosives or require inefficient and invasive grab samples or 

swabs to be obtained. To overcome this limitation, several real-time explosive sensors based on 

the indirect detection of explosive vapours in the gas phase were developed and are described in 

this thesis. Nitroaromatic explosives were thermally converted, with the aid of a Pt catalyst 

(chapters 2), to NO2, which is the common molecule detected via blue diode CRDS. The use of 

pre-concentration to lower detection limits was explored in chapter 3. Similarly, the peroxide 

explosive TATP was thermally decomposed, and its radical decomposition products converted to 

NO2 (chapter 6) via a radical amplification scheme (Chapters 4-6).  

Chapters two and three of the thesis focused on the measurement of nitroaromatic explosive 

vapours. An explosives sensor based upon the catalytic thermal dissociation of nitroaromatic 

explosives to NO2 and subsequent detection using blue diode laser CRDS has been described 

(chapter 2). A two-channel prototype, dubbed cTD-CRDS, was constructed. One channel 

contained PtO2 heated to 350 °C to catalytically convert nitroaromatic explosives to NO2, whereas 

the other was operated as a reference channel. Initial tests with FTIR and large mixing ratios 

(~250 ppbv of nitroaromatics) demonstrated the quantitative conversion of nitroaromatics to NO2. 

Upon switching to the less volatile TNT, the conversion did not appear to be quantitative for 

reasons that are unclear. Nonetheless, the prototype had a limit of detection of 0.5 ppbv at 1 Hz 

data collection. Molecules other than nitroaromatics generated background signals in the heated 
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channels and still need to be fully explored and assessed. While cTD-CRDS was able to detect 

NB, DNB, DNT and TNT it lacked the sensitivity to detect the less volatile nitroaromatic 

explosives (such as PETN, Tetryl and RDX). 

To improve the cTD-CRDS sensitivity, pre-concentration of nitroaromatics on Tenax prior to 

catalytic thermal dissociation was attempted (chapter 3). Ozone was added to the instrument 

between the catalytic converter and CRDS detection channels to convert any NO, that may form 

in the converter, back to NO2. This led to improved conversion efficiencies. However, although 

pre-concentration was indeed possible, sample recoveries from the trap were very low (3.6±0.3 %). 

Sample recovery was likely low due to poor trapping of the nitroaromatics on Tenax or 

decomposition of nitroaromatics during the desorption phase. Furthermore, the mismatch in the 

flows of the trap and the cTD-CRDS instrument required large dilutions of the trap outflow prior 

to quantification in the CRDS cavities. Therefore, pre-concentration failed to provide significant 

gains in signal to noise whilst reducing the instruments time resolution from 1s to several minutes 

(dependent on pre-concentration time). Additionally, Tenax was found to degrade upon use with 

TNT further diminishing the utility of pre-concentration based cTD-CRDS for explosive 

measurement in the real world. 

Attempts to preconcentrate PETN, Tetryl or RDX on Tenax revealed an unexplained 

interference. Moving forward, the identity of these interferences must be assessed, and the 

decomposition mechanisms taking place in the cTD-CRDS catalytic converter should be studied. 

Alternative trapping materials, less prone to decomposition (e.g. graphitized carbon blacks, carbon 

molecular sieves, etc.) and with greater affinity for nitroaromatics (i.e. nitroaromatic selective 

cavitand), should be explored in future testing. Furthermore, alternative trap designs that are more 

suitable for use with large flows should be explored. 
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Chapters four, five, and six focused on the development of a radical conversion scheme that 

would allow the indirect detection of peroxide explosives which thermally decompose to radicals. 

These radicals were amplified via a PERCA scheme that requires the addition of NO and a radical 

chain carrier. PERCA commonly employs CO as a radical chain, a major issue due to the hazard 

that CO would pose if employed as a component of an explosive detection instrument.  

A modelling study was carried out considering other PERCA radical chain carriers (chapter 4). 

Alkanes, alkenes, alkynes, ethanol and dimethyl ether were explored as potential chain carriers. 

Ethanol was found to be the most effective radical chain carrier but would condense under 

optimum conditions. The alkenes also provided suitable chain lengths, but would suffer from 

substantial background due to ozonolysis. Dimethyl ether and ethane both produced adequate 

chain lengths in the simulations and were found to be viable alternatives to CO. As ethane was 

successfully used by Wood et al.,131 prior to conclusion of the modelling study it was the focus of 

the remaining modelling and experimental work. In the future, as dimethyl ether was also found 

as a viable alternative to CO the temperature dependence of its radical chemistry should also be 

assessed. 

As detection of peroxy explosives by PERCA requires heat, the effect of temperature on radical 

chain length for an ethane based TD-PERCA reactor was examined. The modelling study 

(chapter 4 section 4.2.2) suggested that increased temperature in the PERCA reactor slows the 

radical chemistry and reduces the radical chain length. On the other hand, increased temperatures 

reduced the dependence of CL on relative humidity and removed several radical sinks such alkyl 

peroxy nitrate formation. The modelling suggested that TD-PERCA would be feasible, though 

with reduced chain lengths.  
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The largest unknown factor during modelling was the temperature dependence of radical wall 

loss reactions. Moving forward, the temperature dependence of wall losses must be investigated 

experimentally and temperature dependent wall loss terms incorporated into future modelling. This 

is paramount for modelling results to accurately reproduce experimental results. 

An ethane based TD-PERCA-CRDS instrument was constructed and characterized (chapter 5). 

The instrument was ultimately calibrated with PAN, PPN and PNA and the CL characterized with 

respect to relative humidity and dynamic range. The instrument has a CL of 69±5 at 250 °C, and 

has reduced sensitivity towards humidity compared to conventional room temperature PERCA 

systems. This provided for an LOD (1 s, 1 σ) of 1.3 pptv at 250 °C. As the instrument was 

calibrated with PANs and PNA the feasibility of employing the instrument for atmospheric 

measurements of these species was explored. 

Ozone decomposition at temperatures greater than 150 °C was discovered as a major 

interference. TD of O3 produces atomic oxygen which abstracted a hydrogen from ethane in the 

PERCA reactor and produces HO and C2H5O2 radicals. To avoid this interference and to quantify 

both ΣPAN and PNA, whose thermal dissociation profiles overlap, a multiple channel differential 

temperature PERCA prototype was constructed. By setting two channels to two distinct 

temperatures below 150 °C and measuring alongside a cold reference channel both ΣPAN and 

PNA mixing ratios could be retrieved. This worked well for lab generated samples. Measurement 

of laboratory air led to the discovery of an additional unknown interference. The molecule or 

molecules responsible thermally dissociate to HO, RO2 or O at low temperature (<100 °C). If only 

O is generated the interference would not be present in a CO based TD-PERCA setup. Nonetheless, 

identifying this interference would be the next logical step. 
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With the CL of the TD-PERCA-CRDS setup calibrated at 250 °C, the measurement of TATP 

was attempted (chapter 6). TATP was synthesized in the lab and its identity and purity established 

using FTIR. The TATP sample was then analyzed using TD-PERCA-CRDS. Radicals generated 

during thermal decomposition of TATP were reacted with NO and measured indirectly as NO2. 

TATP decomposition, in NO only mode, resulted in an NO2 signal that was a factor of 2.6±0.5 

larger than that expected from TATP saturation vapour pressure. In NO only mode, The LOD of 

TD-PERCA-CRDS with respect to TATP was 22 pptv. In ethane PERCA mode, TATP 

decomposition resulted in a NO2 signal that was a factor of 22±3 larger than that expected from 

TATP saturation vapour pressure, and the LOD was 5 pptv. In both cases, the TD-PERCA-CRDS 

LOD was many orders of magnitude lower than TATP’s saturation vapour pressure.  

Interference tests of the ethane TD-PERCA-CRDS showed that the instrument responded to the 

headspace above anti-perspirants and skin cream/moisturizer products. It is unclear why this 

interference exists but is likely a result of radicals produced during the thermal decomposition of 

one of the numerous compounds that make up these products (e.g. cyclopentasiloxane (D5)). 

Identifying the compound(s) behind the interference is required prior to proceeding with further 

testing. However, despite ambient air interferences, TD-PERCA-CRDS provides a sensitive and 

robust TATP detection method.  
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