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Abstract

This thesis describes the introduction and characterization of a novel alkali flame
ionization detector (AFID) for use as an air sensor for organonitrogen compounds without
any chromatographic separation. Using a planar channelled quartz design, a simple,
lightweight architecture for the portable device is presented, which yields a sensitive and
selective response toward nitrogen-containing analytes over hydrocarbons. For instance,
the AFID sensor offers a detection limit of 30 pg N/s and a selectivity for nitrogen response
over carbon of nearly two orders of magnitude. Further, the nitrogen response was linear

over the 1000-fold range of concentrations investigated.

Relative to a flame photometric detector (FPD) device also used in a sensor mode
under optimal conditions, the AFID was observed to provide over a 160 times greater S/N
value for nitrogen analytes with a selectivity of nitrogen over carbon that was about 16.6
times larger. When using the AFID and FPD sensors in tandem, it was found that the
response ratio of the simultaneous signals generated by each produced characteristic signal
ratio values that more clearly identified the presence or absence of nitrogen in unknown

analytes.

The AFID sensor was also used to detect organonitrogen analytes in several sample
matrices. Results indicate that signal response was largely unaffected by these potentially
interfering sample conditions, and thus this method could be a valuable approach for

portable air sensing of nitrogen compounds.



Preface

Portions of Chapter Two, Three, Four, and Five have been submitted for publication in the
Canadian Journal of Chemistry as “Characteristics of a Novel Alkali Flame lonization
Detector as an Air Sensor for Volatile Organo-Nitrogen Compounds” and is currently

pending approval.
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Chapter One: Introduction

1.1 Importance of Organonitrogen Compounds

Organonitrogen compounds are essential in a wide variety of natural and biological
processes and industrial sectors, such as petroleum and pharmaceutical production.*™
Many airborne organonitrogen molecules are of particular interest due to their ability to
easily spread and influence numerous chemical systems. For instance, one well-studied
example is peroxyacetyl nitrate (PAN), a lung and eye irritant formed as a secondary
pollutant in photochemical smog.%” Amines, amides, alkyl nitrate/nitrites, nitrosamines
and nitroarenes have also been identified and traced to several sources, including industrial
emissions, fossil fuel combustion, and sewage treatment.” More deliberate uses of airborne
organonitrogens also exist. Carbamate pesticides, for instance, have been used globally in
agriculture and have provided tremendous benefits in food production. However, they are
known to be neurologically and reproductively damaging to humans® and environmentally
destructive.® Even more sinister is the use of chemical warfare agents. Many nerve agents
of both traditional and modern designs, as well as blood agents, blister, and other sensory
agents, usually contain one or more nitrogen atoms.'® Aerosolized nervous system acting
agents, like fentanyl and its derivatives, have even been thought to be used as warfare
agents.111?

Due to the abundance and variance of airborne organonitrogens, rapid analysis is
critical in confirming the presence of these species to aid in regulatory and risk response.
Unfortunately, current analytical methods available for nitrogen detection are often

immobile and bench-top bound, thus increasing the testing process time, which can delay



response measures in potentially critical situations. Additionally, portable systems for in-
situ testing are either not selective towards nitrogen, or if they are, are often complex and
expensive systems that require several intricate components necessary for detection. As
such, the need for a portable, cost-effective, and simply designed system that can be
deployed in the field to give rapid feedback is a desirable asset in the realm of airborne
organonitrogen detection. The focus of the work involved in this thesis will be the
development of such a system for in-situ, rapid, nitrogen-selective detection while

remaining lightweight, portable, and inexpensive.

1.2 Gas Chromatography

Gas chromatography (GC) is one of the most employed analytical separation
methods in the world today. It is a widely popular technique in a variety of industries,
including pharmaceutical, environmental, forensics, oil and gas, and food sciences***’ for
the determination of volatile organic compounds, including organonitrogen species.*® In
general, GC describes a separation method which makes use of intermolecular interactions
between analytes and a stationary phase to separate compounds in a mixture as they travel
via an inert, gaseous mobile phase (carrier gas) through the separation column.® The
stationary phase itself may be either a solid or a coated liquid in composition but relies on

this principle regardless.

The invention of GC is primarily attributed to the work of James and Martin in
1952.% Since its inception, advancements in technology and research have led to steady

developments in instrument components and in turn, improvements in performance.



Despite this, the role of GC and its respective components have stayed remarkably
consistent: an inert carrier gas for analyte transport, a heated sample inlet for analyte
introduction and vaporization, a heated column for separation, and a detector for analyte

identification. A typical setup is shown below in Figure 1-1.

Injector Detector

Column

Carrier
Gas

GC Oven

Figure 1-1: A general schematic diagram of a conventional GC system.

Over the decades, developments of the individual GC elements have allowed it to
be applied to various applications. More recently, however, smaller, cost-effective and
more portable detection systems have been the focus of research??? as conventional GC
systems are notoriously large, bulky, and, depending on certain components used,
expensive. Additionally, due to the immobile nature of these systems, the process of
obtaining a sample in the field, transporting the sample, performing any sample preparation
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steps, and finally running the sample on the GC itself takes a significant amount of time
and money. The ability of a detection system to be taken into the field to do direct sampling
and testing minimizes this process dramatically. One potential area of research has been
the development of sensor-based systems which primarily focus on using just the GC
detector as a standalone device. Given that the detector itself can be used to obtain both
quantitative and qualitative information about an analyte and that it is only a small part of
the entire GC system, this remains a promising field of research. The work presented in
this thesis will primarily focus on the use of GC detectors as an isolated device (i.e. without
GC) to perform direct analyte analysis. As such, this will be discussed in greater detail

below.

1.3 GC Detection Classifications

In every GC system, an analyte is ultimately directed to a detector, where it
produces a signal proportional to the amount present. A large number of GC-compatible
detectors are currently available, each based on diverse detection mechanisms for various
compounds.'® As such, GC detectors are categorized based on these principles so that one
can select the appropriate detector depending on the analyte of interest as well as other

physical and chemical properties of the sample.



1.3.1 Selective and Universal Detectors

In broad terms, the primary response of a detector can be categorized as either
universal or selective. A universal (or non-selective) detector can theoretically respond
uniformly to all (or a large subset of) analytes. In contrast, a selective detector responds
preferentially to specific molecular, elemental, or chemical properties of one compound
over another. For example, the flame ionization detector (FID) is deemed a universal
detector, as it responds uniformly to nearly all organic compounds.® Conversely, the flame
photometric detector (FPD) is a selective detector, being primarily sensitive to sulfur- and

phosphorus-containing species.??

Both detector types have respective advantages depending on the nature of the
analysis. Universal detectors can be useful in screening an unknown mixture to quickly
gain qualitative and quantitative information about the sample, such as how many
compounds are present and in what amounts. Selective detectors, on the other hand, are
particularly useful in providing information about select unknown compound content as
well as highlighting detector-specific analytes while minimizing background matrix
signals in complex sample mixtures. The research presented in this thesis is based on the

latter of these two detector types and will be expanded on later in this text.



1.3.2 Concentration and Mass-Flow Detectors

Another useful classification of GC detectors is whether a detector is mass-flow or
concentration sensitive. This distinction is based on how a detector responds and quantifies
an amount of analyte going through it. Concentration-sensitive detectors generate a signal
proportional to the concentration of the analyte (i.e. the amount of analyte per unit volume
of carrier gas) as it passes through the detector cell.?* An example of this is a thermal
conductivity detector (TCD), where the detector response is proportional to the mole ratio
of the analyte to the carrier gas. A detector that is mass-flow sensitive instead responds to
the total amount of analyte reaching the detector per unit time or rather to the rate of analyte
introduction, regardless of the concentration.?* This means that this type of detector relies
on the elution rate of the analyte from the column and, therefore, the amount of analyte
moving through the detector cell per unit time. Examples of this include both the FPD and

FID.

To better understand these two designations, it can help to envision the changes to
peak heights and areas as the flow rate of the carrier gas changes. For concentration-
sensitive detectors, the signal height is proportional to the amount of analyte per unit
volume of carrier gas. Therefore, when the flow rate of the carrier gas is increased or
decreased, the concentration of the analyte remains essentially the same, and subsequently,
so does the peak height. However, the peak width (elution time through the detector, and
hence area) will respond to a change in carrier flow as this impacts how long the sample
remains in the detector cell. Conversely, the peak height of a mass-flow sensitive detector
does vary with changes in carrier flow because as the flow rate changes, so does the mass

of analyte in the detector cell for a given amount of time. By contrast, the peak area will

6



remain the same because the same analyte mass is delivered over the time width of the

peak regardless of changes in flow.

This characteristic is, therefore, important when directly comparing these two types
of detectors. For example, when investigating the detection limits of a TCD, the units are
reported in terms of concentration (e.g. g/mL), whereas a mass-flow sensitive detector like
an FID would report detection limits in the mass of analyte per unit time (e.g. g X/s, where
X is the particular element or compound responsible for generating a response).?* As such,

the flow rate and/or peak width is normally involved in comparing the performance of each.

1.3.3 Destructive and Non-Destructive Detectors

One final classification of GC detectors is destructive and non-destructive
detectors. In a destructive detector, the analyte undergoes an irreversible chemical change,
whereas the analyte in a non-destructive detector remains in its original form throughout
the detection process.'® The latter offers a substantial advantage if the analyte is needed for
further analysis in another serial detector. However, one way of utilizing a destructive
detector in this manner is to split the effluent stream coming off the column, sending one
part to the detector and the other to be collected or to a separate detector in tandem for
further characterization. Obviously, this only works given the analyte is present in high
enough quantities, but this technique can be used to gain several pieces of information for
a single injection. Destructive detectors include most flame-based detectors such as the
FID and FPD, while examples of non-destructive techniques would be a TCD or possibly

an electron capture detector (ECD).



1.4 Detector Characteristics

Like any other analytical technique, the characteristics of the detector are used to
determine its applicability and usefulness for certain tasks. Many features of a detector,
such as robustness, need for sample preparation, cost, time savings, and size, are often
considered when selecting a detector. However, when characterizing a detector, there are
specific, quantifiable attributes that are often reported to gauge its efficacy. Additionally,
these characteristics allow detectors to be intrinsically compared to one another, regardless
of the detection mechanism the detector is based on. These attributes include sensitivity,
detection limits, selectivity, linearity, equimolarity, and reproducibility. To give context
for the values and figures presented in this work, these characteristics will be further

discussed below.

1.4.1 Sensitivity and Detection Limits

In most areas of analytical testing, detection of trace amounts of various analytes is
often desired. Thus, detectors with high sensitivity and low detection limits are important
attributes when choosing a detector. Sensitivity is the signal per unit concentration or mass-
flow of analyte coming through the detector.?® This definition directly refers to the ability
to discriminate between small changes in analyte amounts but does not explicitly deal with
the smallest amount of analyte that can still be measured. Sensitivity largely ignores the
fact that analytical detectors still produce a background signal even when no analyte is
present in the system. This background signal, otherwise known as noise, is the random
variation in the baseline owing to sources inherent to the detector and its surroundings that

8



can be minimized but not eliminated. Therefore, to assess detection limits, both the signal

and the noise must be considered.

Noise can be measured as either the root-mean-square noise (Nrms) or peak-to-peak
noise (Np-p). Nims Is calculated as the standard deviation of background deviations over a
representative baseline. Np.p instead is the difference in maximum and minimum deviations
from a representative baseline. Generally, Nms is ~5 times less than Npp.2® The
representative baseline used in these calculations is often equivalent to a time spanning at
least ten analyte peak base widths. Once the noise of a system is quantified, the limit of
detection (LOD) can be found using the signal-to-noise ratio (S/N), which increases with
the sensitivity of a system. At trace analyte levels, the LOD is commonly found when the
signal response is twice that of the Np-p (S/Np-p = 2). Alternatively, IUPAC defines the LOD
as when the signal is equivalent to triple the Nms (S/Nms = 3 or S = 3c). Detection limits
are often regarded as one of the most important characteristics of a detection technique and

are essential in characterizing and assessing both new and old detection methods.

1.4.2 Selectivity

As previously described, selective detectors elicit an enhanced response to certain
atoms, functional groups, or chemical properties while maintaining a decreased or nominal
response to the vast majority of other species. Selectivity or specificity refers to the ability
of a detector to respond significantly to one compound over another. As such, formal
reporting of selectivity is typically stated as the ratio of the target compound response to

that of the interfering compound in orders of magnitude. For example, the FPD, which is



selective for phosphorus but indiscriminate to purely organic species, yields a selectivity
of 5 x 10° g C/g P.?® This means that to generate an equivalent signal to 1 g of phosphorus
in the FPD, 5 x 10° g of carbon is needed. Or, more eloquently, 2 pg of phosphorus gives
the same response as 1 g of carbon in the FPD. It is worth noting that these ratios are
predominantly expressed in terms of mass of the responding element (g X) rather than in
terms of the analyte compound itself. This is done simply by convention as well as to give
a direct comparison of methods while accounting for disparities in weight % of the target

atom to the rest of the compound.

1.4.3 Linearity, Equimolarity, and Reproducibility

An important detector characteristic is the linearity of the detector. This refers to
the ability of a detector to generate a response proportional to the amount of analyte where
this correlation happens to follow a straight line. Ideally, this range is perfectly linear (i.e.
constant slope) at all analyte amounts, in which case sensitivity becomes independent of
the amount of analyte. However, detectors have an upper limit where sensitivity falls off
and plateaus due to the detector response becoming saturated from an excess of analyte.
The region where the signal response is linearly correlated to analyte amount is known as
the linear range. Similarly, the dynamic range of a detector is the region where a change in
analyte amount causes a noticeable change in response, regardless of proportionality. An

effective way to visualize these concepts is a calibration curve (Figure 1-2).
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Dynamic Range » 7

A

Linear Range

A

Detector Response

“ Selectivity >
Upper Linear Upper Dynamic
/LOD Limit ~ - Limit

Amount of Analyte

Figure 1-2: A depiction of a generic calibration curve of a detector illustrating selectivity, linear
and dynamic ranges, and limit of detection (LOD).

As seen above, detector response changes as a function of analyte amount. The
slope of this line (sensitivity) is constant from the LOD to the upper limit whereupon the
detector becomes saturated and no longer registers a change in response to increased
analyte (dynamic range). A deviation of >5% from linearity is considered the end of the
linear range.?® Detectors with large linear ranges are often favored because they allow for
a wide range of analyte concentrations to be analyzed. It is worth noting that some detectors
do not exhibit linear response (e.g. sulfur detection in FPD), but they can still be calibrated

to quantify the sample.
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Another important concept when investigating linearity is equimolarity. An
equimolar detector is one that yields an equal response per mole of the responsive element
regardless of the molecular structure of the analyte. For example, the sulfur
chemiluminescence detector is known to exhibit an equimolar response to any sulfur
compound since it first converts these compounds to a common intermediate
chemiluminescent species.?” Conversely, the FPD does not give an equimolar response for
sulfur compounds as response has been seen to vary significantly to analytes with different
structures.?®?° This feature can be very useful as it allows for the use of a single calibration
standard for a diverse group of analytes rather than needing to calibrate for every single

analyte tested.

Lastly, one must consider the reproducibility of a detector. Reproducible detectors
exhibit a reliable and consistent response to an amount of analyte in run-to-run and day-to-
day operations. Often, reproducibility is denoted as the percent relative standard deviation
(%RSD) of these measurements. However, other measurements, such as the ratio between
analytes can also be helpful in %RSD calculations. For example, if signals for replicate
injections of two analytes change over time, one could take the ratio of the area or height
of the two analyte peaks. If the ratio stays consistent, this indicates that all signals are being
inherently biased in a similar manner which may be external to the detector. The lower the

%RSD, the more reproducible a response.
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1.5 Flame-Based GC Detectors

As mentioned previously, currently available GC detectors are based on numerous
detection mechanisms. Regardless of the mechanism employed for detection, flame-based
detectors are a group that rely on the use of a flame supplied by a composition of gases
(hydrogen, oxygen/air) as a means to reduce, ionize or otherwise breakdown an analyte to
a specific form whereupon it can be detected or undergo further reactions to form a
detectable species. This is to say that most, if not all, flame-based detectors are destructive
in nature. Nevertheless, this group of GC detectors are some of the earliest developed and
remain among the most widely used today. They possess attractive features such as high
sensitivity, selectivity, and linearity, as well as being robust, reliable, and simple in design
and use. Several are also known to provide excellent detection towards heteroatomic

species. Below are some relevant examples of flame-based GC detectors.

1.5.1 Flame lonization Detector

The flame ionization detector (FID) is one of the most widely used detectors in GC.
It was simultaneously developed by both McWilliam and Dewar,*° and Harley et al.%* in
the late 1950’s and soon after became commercially available for GC. As mentioned
previously, it is a universal, mass-flow sensitive detector used in the detection of organic
compounds. The FID consists of a stainless steel (SS) flame jet coupled to an applied
voltage (i.e. flame “polarizer”) that the column effluent is fed through. A cylindrical
collector electrode usually held at ground is placed downstream from the jet, inducing an

electric potential across the flame. The basic design of an FID is shown in Figure 1-3.
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Figure 1-3: A general schematic diagram of an FID.

The operating principle of the FID relies on the use of the air/hydrogen flame to
break down and ionize the eluting organic species to produce charged species which are
then drawn to the collector electrode due to the potential difference where they produce a
detectable current. While the mechanism itself is not entirely understood, it is generally
accepted that CH- radicals are produced by the combustion of the organic species in the
flame. From here, chemi-ionization reactions with oxygen radicals form a CHO" ion and

an electron via Equation 1 as seen below.?¢*?
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CH 4+ 0 - CHO* - CHO* + e~ Equation 1

These charged species are believed to be the responsible charge carriers related to
current generation in the collector depending on the polarization of the two electrodes.
Remarkably, the ionizing efficiency of the flame is relatively low, with only ~1 in 10°
carbon atoms producing an ion.?® Despite this, the FID has excellent sensitivity and
linearity, able to detect single picogram levels of carbon per second (102 g C/s) with a
linear response range of up to seven orders of magnitude.'® Furthermore, due to the
reduction of all organics to single-carbon fragments, FID response is notably equimolar
and reproducible since the current generated is proportional to the number of carbon atoms
coming through the detector.3? These attributes, in addition to low maintenance
requirements, cost, robustness, and simplicity, have cemented the FID as an industry

standard detector.

Without additional instrument modification, the FID produces weak or nonexistent
signals for inorganic species, heavily oxidized species (CO, CO2, formic acid), or water.
This is due to analytes needing a hydrocarbon component in order to generate CH- radicals,
as well as the inability of these oxidized species to ionize in the flame. Organic compounds
with certain heteroatoms, such as nitrogen, oxygen, sulfur, and halogens, are still
detectable, though have been seen to yield a slightly lower response. This is likely because
of the competition of these atoms to form other neutral species (HCN, CO) in the flame,

which are not further ionized.%?
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1.5.2 Flame Photometric Detector

The flame photometric detector (FPD) is another prevalent GC detector, but for
more exclusive uses. Specifically, the FPD is a selective, mass-sensitive detector primarily
used in the detection of sulfur and phosphorus-containing compounds. Developed by
Brody and Chaney in 1966, the basis of detection has remained relatively the same,
though dual-, pulsed-, and multi-flame burner designs have been developed in an effort to
combat issues such as hydrocarbon quenching and structure-specific response variations.3*
% The FPD is based on monitoring the chemiluminescent emissions of certain heteroatoms
in a hydrogen-rich flame via a photomultiplier tube (PMT). To achieve this, the main
detection zone of the FPD is contained within a light-tight housing to minimize both
analyte emission losses as well as false positive signals due to stray outside light. The flame
itself is a relatively cool (~500°C) premixed air and column effluent mixture, burning in
hydrogen. Emissions produced in the flame are then directed via a quartz light guide to the
PMT, where the incoming light is amplified and quantified. Optionally, an optical filter
can also be placed between the emission source and the PMT to isolate certain wavelengths
produced by specific elements. A schematic diagram of a single-flame FPD can be seen in

Figure 1-4.
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Figure 1-4: A general schematic diagram of an FPD.

Like in the FID, compounds are decomposed in the flame. In contrast to the oxygen-
rich FID flame however, the hydrogen-rich plume of the FPD flame allows for an
abundance of hydrogen radicals. Although specifics are not entirely understood, these
hydrogen radicals, in addition to the reduced heteroatomic analyte fragments, are
acknowledged to assist in the formation of the emitting species while also providing the
energy necessary for its excitation and subsequent emission through radical recombination
reactions.®? For sulfur-containing compounds, they are first decomposed to compounds

such as Hz2S, HS, S, Sz, SO, and SO> depending on flame chemistry. These reduced species
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then undergo several two- or three-body collision reactions to produce an excited state
species, mainly S2", which can relax, resulting in a broadband emission from 320 to 460
nm with a maximum emission at 394 nm.? This excitation mechanism is not specific to
sulfur, as any chemiluminescent species can utilize these reactions with hydrogen radicals.
In the case of phosphorus-containing species, the primary emitting species produced is

HPO”, with a characteristic emission maximum at 526 nm.1%:33

Due to the complexity of flame chemistry and the potential for various
chemiluminescent species to form, species-dependent light emission greatly impacts
detector response. For phosphorus, where HPO™ is the main emitting species, the response
is proportional to the number of phosphorus atoms entering the flame and therefore forms
a linear correlation. However, the emitting species for sulfur is largely S,”, which requires
two sulfur atoms for emission. This response is inherently non-linear and is theoretically

quadratic (Equation 2), but in practice, values for n have been seen to range between 1.6 to

22 25,28,29

Response < [S]",wheren = 2 Equation 2

Evidently, the FPD’s greatest strength is its selective response for target analytes
over potential interfering compounds in the bulk sample matrix. Typical single-flame FPDs
have a selectivity for sulfur over carbon (S/C) of 10*-10% with pulsed-flame burners able
to reach levels of >107.32 Phosphorus response in all burner types is less variable, with a

P/C of 5 x 10° and, due to the linear response curve, a linear range of up to five orders of
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magnitude.?®>*? Irrespective of species-dependent emission disparities, the FPD also has
excellent sensitivity with typical detection limits ranging from 0.5-0.01 pg P/s for

phosphorus and 50-1 pg S/s for sulfur.?3%

As mentioned previously, the FPD is mainly used for phosphorus and sulfur
detection; however, many other heteroatoms have been explored and are known to produce
quantifiable emissions.>’° Organonitrogen species have been seen to give some
measurable response, albeit with relatively weak intensity. Furthermore, the spectral range
of these compounds happen to overlap with the emission profiles of several other important
atoms.®® This limits confidence in using the FPD as a nitrogen-selective detector as it

struggles with identifying these species over background organic compounds.

1.5.3 Alkali Flame lonization Detector

The alkali flame ionization detector (AFID) is a type of thermionic emission
detector (TID) first invented for GC in 1964 by Giuffrida and Ives as a means for
organophosphate pesticide determination.*®#! Since then, several other heteroatoms have
been found to be selectively detected, with nitrogen and phosphorus being the main species
detected using the AFID.*>4* Essentially, the AFID is a modified flame ionization detector
(FID) that incorporates an alkali salt between the polarized flame and the downstream
collector electrode (Figure 1-5). Numerous types of alkali salt and approaches of
integrating it into the flame have been tested,*24>*’ but all these variations primarily rely
on the same general scheme of the heated salt interacting with the analyte as it is being

decomposed in the flame. As a quick aside, in recent decades the term TID has been
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generally associated with the nitrogen-phosphorus detector (NPD). The NPD is a more
modern version of the AFID, using an electrically heated ceramic bead to introduce the
alkali salt into the detector rather than a flame. As such, most modern literature describes

the NPD rather than its original version, the AFID.

Collector

g

Alkali Salt
Source O

Polarizer
(-300V) )

AirJ TLHydrogen

Column
Effluent

Figure 1-5: A general schematic diagram of an AFID.
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Like the FID, the AFID is also an ionizing detector, relying on the current produced
by ions in the flame at the collector electrode. However, the mechanism responsible for
signal generation in TIDs is quite dissimilar and much less understood. Currently, it is
believed that nitrogen and phosphorus compounds entering the flame decompose and form
products with high electron affinities (CN-, NOz-, PO2-). These precursors are then thought
to undergo certain reactions with the alkali metal ions to produce the negative ion products
(CN, PO, PO2’, PO3) responsible for the enhanced detector response observed from these
analytes (Equation 3).%34° The specific mechanism whereby these precursors become fully
ionized is still heavily debated, with the two prevailing theories unsure if reactions between
these fragments and the alkali metal occur in the gas phase or at the surface of the salt

Source_25,48,50—52

CN:-+Rb-—- CN~ + Rb* Equation 3

As briefly stated, the AFID has seen countless iterations in architecture, which has
allowed for some degree of tunability toward certain compounds and detector
characteristics. The AFID is largely noted to be selective to phosphorus and nitrogen
species but has shown a preference for sulfur and halogens in some systems.>*>" One topic
of research exclusive to AFIDs is how salt composition influences detector specificity.
Generally, it has been found that rubidium salts give the largest enhancement for
organonitrogen compounds, while potassium salts were better for phosphorus species.***

The salt anion was found to be less important to selectivity, however, variations in salt
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volatility are known to impact background noise.>* While the salt is responsible for signal
enhancement, a recurring issue with all TID detectors is the expenditure of the alkali salt
and eventual loss in sensitivity and selectivity. Early AFIDs expired within several days

while more modern designs have been noted to last months.

Despite these issues, the AFID maintains excellent selectivity and sensitivity. As
mentioned, the AFID is selective to mainly nitrogen and phosphorus, with phosphorus
being 10-100 times more selective than nitrogen.*24454 Selectivity is known to again vary
between systems and differences in parameters, especially hydrogen flow.>* Regardless,
nitrogen has been seen to be ~100-1000 times more selective over carbon with a detection

limit of around 10 pg.*344

Linear response in the AFID was often debated early on, with some sources
indicating an equimolar response in their system for specific analytes, while others were
unable to support this notion of proportionality.®® It is now generally supported that the
AFID does exhibit a linear response, whereas early systems exhibited a linear range of
~103-10° depending on the analyte.*4% Newer NPD systems corroborate this notion

showing linear ranges of up to five orders of magnitude.?®

1.6 Other GC Detectors

As discussed, there are numerous commercially available GC detectors that can
adequately sense organonitrogen species, such as the TCD, ECD, or NPD. Some other
detectors not already mentioned are the nitrogen chemiluminescence detector (NCD) and

mass spectrometry (MS). While many of these techniques are equal or superior to the
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techniques mentioned above in nitrogen selectivity and sensitivity, several of these
detectors rely on complex mechanisms and require specialized equipment that can often be
fragile, expensive, or resource-heavy. For example, traditional GC-MS techniques are
known to offer LODs in the low femtogram range, greater than five orders of linearity, and
able to identify any compound regardless of structural and atomic makeup (i.e. pseudo
universal detection).'® As such, GC-MS has become one of the “go-to” analytical detection
techniques in industry today. However, to achieve these attractive characteristics, GC
techniques require an ionization system, a mass analyzer such as a quadrupole or time-of-
flight, and to be held under ultra-high vacuum levels (up to 107 torr). These systems are
complex, expensive, and prone to failure. Not to mention miniaturization of such a system
is difficult and time-consuming, often at the expense of performance while remaining

costly and intricate.*®

1.7 Sensor-Based Detection

While analytical testing methods are generally confined to a lab, the samples
themselves can be located from several hours to days away from the lab. Sampling and
transport costs, potential sample contamination, and sample storage are all issues that drive
up the expense, time, and reliability of conventional testing methods. Chemical sensors are
systems developed for the express purpose of in-situ analysis as a means to remove these
restraints associated with chemical testing. However, for these sensor-based detection
methods to be of use, they must be portable, lightweight, cost-effective, robust, and have

low power requirements while maintaining accuracy and precision constraints of
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traditional testing methods. Furthermore, these systems would ideally be easy to use and
service with limited ongoing costs. Several classifications of sensors exist for various
applications, but for the purpose of this work, we will only examine sensors with the ability

to detect volatile (i.e. airborne) analytes.

Chromatographic sensor systems, like their bench-top analogues, generally rely on
separation and detection of analytes, though several systems remove separation for
convenience and focus simply on detection. This can lead to difficulty in differentiating
compounds and create false positives. Separation can usually be added back to these
systems, though at the cost of device footprint and analysis time. Because GC is only
amenable to species that can be transferred to the gas phase, many of the detectors
commonly used in GC already possess the ability to detect airborne compounds without
the need for prior analyte derivatization or additional components aside from sample
introduction. Consequently, some GC detection methods and mechanisms have been
adapted to sensor-based detection applications. FID, FPD, ECD, TCD, and MS have all
been seen in portable GC systems.>*%° FPD and photoionization detectors, in particular,
have been used in airborne sensing for chemical warfare agents without any analyte
separation.>® Several of these systems, however, still suffer from issues of cost, bulkiness,

weight, and remain complicated to operate.

Other sensor-based detection systems include ion mobility spectroscopy (IMS).
One of the most used sensor-based detection methods, this technique offers excellent
sensitivity and portability with short analysis times. However, IMS is prone to false
positives due to poor selectivity and requires specific radioactive isotopes to enable its

detection mechanism.!%%€ Spectroscopic systems like infrared- and Raman-based
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techniques are also frequently used, as they are non-destructive and offer high sensitivity.
Like IMS though, they suffer from issues with selectivity as well as detecting analytes in
mixtures of background materials.1°

As noted above, there are several sensor-based detection methods available for the
detection of organonitrogen compounds. However, all possess one or more issues
pertaining to cost, size, or complexity. As such, an inexpensive, portable, and robust

method for detecting these compounds with high selectivity and sensitivity is needed.

1.8 Statement of Purpose

The research presented in this thesis will explore the construction of a novel
portable sensor as a means to identify and quantify airborne organonitrogen compounds.
As discussed above, organonitrogens are important in a variety of industries, and in-situ
testing of these compounds is desirable. However, current detection systems suffer from
being large and immobile or are overly complex in function and expensive. Conversely,
flame-based detectors are largely robust, inexpensive, and rely on relatively simple design
and detection mechanisms. Specifically, the AFID offers excellent nitrogen selectivity
while exhibiting both picogram-level detection limits and reasonably high linear response.
However, no reports exist for its implementation as an independent air sensor without GC
separation. This may be partly due to the unknown response implications and potential

difficulties imposed by a sensor design.

In recent years, the Thurbide group has been investigating the properties of micro-

countercurrent and orthogonal flames operating in compact, lightweight, planar-channelled
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formats.51%2 This approach allows for sensitive and stable flame operation in both FID and
FPD platforms, with a simple design and easy incorporation of supporting detector
components.®%®3 Considering the advantages posed, the useful properties of the AFID, and
the successful incorporation of other flame-based devices like the FPD into portable sensor
applications, it would be interesting to examine if the AFID could be used as a direct sensor
for airborne organo-nitrogen compounds.

Chapter Two outlines the experimental details as well as the detector design,
including all components and construction choices. General operating parameters and
procedures of the sensor will also be examined. Chapter Three explores how and why
certain design features were chosen, as well as the optimization and characterization of the
AFID sensor both quantitatively and qualitatively. How the detector responds to structural

changes and different organic heteroatoms will be considered as well.

Based on literature reports regarding the use of FPD in a sensor-based system, this
conventional detector was chosen as a means to compare the proposed AFID sensor against
detection and response character. Furthermore, the coupling of two or more sensors has
shown an increased ability to identify and better characterize analytes. Chapter Four
examines these two concepts, as well as demonstrates how to utilize detector-specific ratios
to indicate the molecular composition of a sample. The dependence of this ratio on both

analyte concentration and structure will also be investigated.

Chapter Four also probes real-world applications of the proposed sensor.
Specifically, how certain sample matrices impact detector response as well as the use of
the device in testing of chemical warfare surrogates at equivalent levels immediately

dangerous to life and health. Lastly, a summary of the presented research is described in
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Chapter Five, along with thoughts regarding future work and potential additions and

applications for the AFID sensor.
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Chapter Two: Experimental

2.1 Instrumentation

2.1.1 AFID Sensor

Figure 2-1 displays a schematic diagram of the current AFID device, which is
primarily comprised of a planar channelled face piece and a matching cover plate to seal

the flow paths.

Polarizing
Voltage .
(-340V) Silicon
Septum

Hydrogen _
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L » \

(1 | VA | Exhaust

Air
+ Flame Alkali Salt
Analyte Pack

L |
! 10 mm !

Figure 2-1: Schematic diagram of the current AFID sensor design. The primary channel
(horizontal) includes introduction of flame gases and analytes, collector electrode, and exhaust.
Secondary salt channel (vertical) contains packed alkali salt
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The face piece (Figure 2-2) was fashioned out of a rectangular quartz block (30 mm
X 28 mm x 7 mm) with precision-milled U-shaped channels cut into the surface of the
block. A quartz slide (1 mm thick) cut into similar dimensions was used as the cover plate
and was sealed to the face piece around the edges using a temperature-resistant UV-cured
adhesive (Loctite AA 363; Henkel, Connecticut, USA). Both the face piece and cover plate

were cut and shaped in the University of Calgary’s glass shop.

Figure 2-2: 3-dimensional rendering of quartz face piece.
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On the surface of the quartz face piece (left to right in Figure 2-1), a primary
channel (1 mm wide x 2 mm deep) extends 8 mm from the center of the left edge and then
expands into a 2 mm wide channel (2 mm deep) for the remaining 22 mm to the right edge
of the block. A second channel (28 mm x 2 mm x 2 mm) intersects the first at 90% about
17 mm from the left edge. This junction is where the flame resides while the AFID is
operational. Two stainless steel (SS) capillaries (0.635 mm 1.D., 0.813 mm O.D.,
McMaster-Carr, Aurora, USA) were used to introduce hydrogen and air through a high-
temperature septum affixed to the left edge of the device, which was made from silicon
adhesive (Permatex, Solon, USA). This provided a reusable seal around the capillaries to
prevent the loss of flame gases and analyte, and guided them into the narrow end of the
primary channel to support the flame and deliver analyte to the device. The hydrogen
capillary terminated at the channel junction, while the air capillary normally terminated
just past the expansion point of the channel. High-purity hydrogen gas (Air Liquide,
Calgary, Canada) was independently delivered to the flame, while a piezoelectric
diaphragm micro-air pump (model mp6-gas; Bartels Mikrotechnik GmbH, Dortmund,
Germany) was used to draw ambient air and analyte into the device. Connections were
made using sized Teflon tubing (McMaster-Carr). On either side of the channel junction,
the supporting alkali salt was packed into the channel. An aqueous saturated salt solution
was also applied and left to dry in the channel junction as a means of further introducing
salt to the flame. A grounded SS rod (0.64 mm diameter, McMaster-Carr) was inserted in
the right edge of the primary channel and situated ~5 mm from the flame, where it acted as
the ion collector electrode while 340 V was applied to the SS hydrogen capillary to polarize

the flame. The applied voltage and signal detection was performed using a standard FID
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electrometer. An image displaying the AFID sensor operating under normal conditions can

be seen in Figure 2-3 below.

Figure 2-3: An image of the AFID sensor operating under normal conditions.
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2.1.2 Tandem Detector System

For direct comparisons, a conventional FPD and the AFID sensor were connected
in parallel, where a single sample inlet was split by a Teflon tee union into separate analyte
flow paths leading to the respective micro-air pumps supporting each device. This
simultaneously delivered analyte to each detector from the sampling bag without affecting
the flow rates. The FPD was set up as a standalone detector similar to the AFID sensor (i.e.
no prior chromatographic separation), where the flame was supported using high-purity
hydrogen in addition to air supplied by the micro-air pump. The FPD used a band-pass
filter (Model FGUV5; 240-395 nm; Thorlabs, Newton, USA) in the photomultiplier tube
(Hamamatsu Photonics, Hamamatsu City, Japan) to isolate nitrogen emission bands.*® The

AFID sensor was set up as described previously.

2.2 General Operating Parameters and Procedures

To maximize its contact with the flame, the alkali salt was normally packed into
either side of the channel junction before use. This was conveniently pressure-packed by
hand by blocking the primary channel with a SS rod, pouring the salt powder into either
side, and using a SS plunger to compress it into place. Additionally, 1-2 drops of a saturated
aqueous salt solution was deposited in the channel junction by syringe then left to dry on
the junction walls overnight. The supporting components were then attached to the quartz
chip, and the device was preheated to 60°C using an external heating block before ignition
to reduce water condensation from the flame and the background noise that it created. With

hydrogen flowing through the SS capillary, a flame was established on its end by presenting
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a spark at the exhaust outlet while ambient air was also drawn into the device by the micro-
air pump. Optimal gas flows used were 40 mL/min of air and 14.5 mL/min of hydrogen.
Within a few minutes of ignition, sample bags were typically connected to the inlet of the
micro-air pump for a duration of 30 seconds to achieve a signal plateau in the sensor. To
clean the AFID sensor, deionized water and a Teflon brush were used to remove any trace

of residual salt before repacking.

For the tandem detector system, the AFID was operated as portrayed above. The
FPD was also preheated to 80°C to limit condensation upon ignition. To generate the flame
in the FPD, a spark was presented at the exhaust outlet while flame gases were established.
Optimal flow rates used were 27 mL/min of air and 16 mL/min of hydrogen, as determined
by prior testing. Within a few minutes of ignition, sample bags could be connected to the
sample inlet tee for a duration of 30 seconds unless otherwise stated to reach a signal

plateau.
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The sample bags used for testing were 1 or 10 L Teflon bags equipped with a 2-in-

1 polypropylene on/off valve with a spout and replaceable, gas-tight septum (Figure 2-4).

Figure 2-4: Images of sampling bag used for testing (left) and on/off valve (right).

To prepare sample bags for testing, the Teflon bags were first cleaned by flushing
the bag at least three times with medical-grade air to remove any trace of previous analytes
and then evacuated using a vacuum. To fill eithera 1 L or 10 L bag, the spout was connected
to a medical air cylinder through a piece of rubber tubing and filled to 90% of the volume
(900 mL or 9 L respectively). To determine the amount of air needed to achieve the fill
volume, the air was set to a constant flow and timed to fill. While filling with air, known
quantities of pure analyte was added to the bag using an appropriate syringe through the
gas-tight septum to reach the desired analyte or elemental concentration in the bag. For

example, injecting 1 pL of analyte into a 900 mL bag of air, one can use the density of the
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analyte to determine the bag concentration in grams of compound per millilitre. From here,
the moles of compound per millilitre and subsequently grams of element per millilitre can
be calculated using the molecular weight of the compound and the atomic weight of the
heteroatom. To achieve trace level analyte quantities, serial dilution of a stock bag was
performed. For experiments requiring a solid sample matrix to be added to the bag prior to
analyte introduction, a 7 L resealable Ziploc freezer bag was fitted with a spare on/off valve
and treated in a similar manner to the Teflon sample bags. Once filled, the sample bags
were left for several minutes to ensure liquid analytes had completely transferred to the
gas-phase and reached equilibrium. Subsequently, the bags were attached to the sample
inlet and tested. Sample bags were prepared immediately prior to any experiments to limit
potential sample degradation or loss from the bags. Bags were also constantly checked for

points of failure, including bag holes or leaks and deterioration of on/off valve parts.

2.3 Chemicals and Reagents

Rubidium sulfate salt (99.8%; Thermo Fisher Scientific, Ottawa, Canada) was
typically used in the AFID flame. Analytes examined include high-purity methane (Praxair,
Calgary, Canada), high-purity nitrogen (Air Liquide), diethylamine, tetrahydrofuran
(>99% each; Fisher Scientific, Fairtown, USA), chloroform, pyridine, benzene (>99%
each; EMD Chemicals/EM Science, Gibbstown, USA), triethylamine (>99%; BDH Inc.,
Toronto, Canada), ammonium hydroxide (28-30%; BDH Inc.), methanol, acetone, hexane,
carbon disulfide, trimethyl phosphite, dichloromethane, acetonitrile, propylamine,
isopropylamine, pyrrolidine, piperidine, nitromethane, tert-butyl nitrite (>97% each;

Sigma-Aldrich, Oakville, Canada), and ethylamine (70% in water; Sigma-Aldrich). Stock
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analyte bags were prepared by injecting known quantities of pure liquid analyte through
the gas-tight septum fitting of a 1 L or 10 L Teflon sampling bag (Scentroid, Toronto,
Canada) and then, as analyte evaporated, diluting it to volume using medical grade air (Air
Liquide) as the balance gas to reach desired concentrations. Gasoline was purchased from
a local vendor. Car exhaust was sampled from a vehicle after 15 minutes of operation. Fish

meat was obtained locally, and a 10 g piece was dried overnight before use.
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Chapter Three: Characterization and Optimization of the

AFID Sensor

3.1 Introduction

As discussed previously, several metrics are utilized when determining the efficacy
of a chemical detection system. Many of these properties can be quantitatively defined
(selectivity, sensitivity, linearity, etc.) though there are several qualitative features that also
need to be examined to understand how a detector responds to these variations and what
are the optimal conditions for detection. Furthermore, although the proposed detection
system is based on previous GC detector research, adapting this to a sensor-based system
requires several alterations to arrive at design features that are best suited for such. Both
qualitative and quantitative characteristics and how they shaped the development of the

proposed AFID sensor are described below.

3.2 Design Considerations and Iterations

Throughout all versions of the AFID sensor, quartz was used for the main body
since it is chemically inert, can operate at high temperatures, and is a good electrical
insulator for related signal collection components. As well, due to the chip thickness used,
it was relatively robust in daily use and not prone to breakage by thermal cycling or minor

mishandling. Early on, many detector shapes and formats were briefly examined, including

37



open-air and tubular formats, though these versions were mainly employed as proof-of-
concept models before quickly transitioning to planar-channelled formats.

Several iterations of the on-chip AFID sensor were explored regarding gas/sample
input, alkali salt source, and collector electrode/exhaust layout. It was understood from
initial testing that initial designs required four main components: polarized hydrogen
flame, air/analyte, alkali salt, and a collector electrode. Thus, the original planar design
consisted of a four-quadrant system that included air/analyte and hydrogen inlets, a salt
channel opposite the flame, and an exhaust port where the collector electrode was placed

(Figure 3-1).

Salt

Exhaust

Air— D —_—

!

Hydrogen

Figure 3-1: Initial design of the planar-channelled AFID.
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It was noticed early on that greater interaction between the salt and the flame was
beneficial to sensor performance. Therefore, the air/analyte and hydrogen inlets were
consolidated into a single channel allowing for matching salt-packed channels to be
arranged on either side of the centrally situated flame. This maximized salt-flame contact
and linearized the path of the analyte and flame gases, resulting in a more uniform and
stable flame. Several other design changes to increase flame-salt interactions were tried,
including adding a third salt-packed channel, having the flame-bearing capillary cored
through the salt pack, and packing SS/glass tubes with salt and placing them laterally into
the flame. However, it was found that applying 1-2 drops of saturated salt solution to the
channel junction and letting it dry overnight left a thin residue on the walls around the
flame that best further enhanced analyte signals.

The device employed 2 mm x 2 mm channels as they were convenient to construct
and maneuver during operation and allowed for consistent, stable flame operation.
Decreasing the channel dimensions around or upstream of the flame would cause it to
become unstable, leading to increased noise and self-extinguishing. The reduction to a 1
mm channel width at the gas inlet was found to be helpful in aligning the hydrogen and air
capillaries centrally in the main channel, which supported consistent flame position within
the junction. This also facilitated smooth gas flow through the main channel, minimizing
flame flicker and noise. The quartz cover plate was initially annealed to the face piece, but
this often led to inconsistent bonding and minor channel deformations due to the high
temperatures used during the process. A UV-cured adhesive was instead used and gave a

more consistent seal between the pieces without any detector interference. As such, these
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aspects were incorporated into the AFID sensor design resulting in the current sensor

design (Figure 2-1).

3.3 Operating Characteristics and Optimization

3.3.1 Alkali Salt Type and Procedures

As discussed, the alkali salt is the cause for analyte selectivity and signal
enhancement in the AFID. Figure 3-2 demonstrates this selective response. Without salt
present, similar amounts of both methane and diethylamine (DEA) yield very similar
responses in this basic FID mode. By contrast, with a rubidium salt in place under the same
conditions (AFID mode), the DEA signal increases to near 25 times while the methane

response remains about the same.
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Figure 3-2: Sensor signal towards methane and diethylamine (DEA) sample bags without (FID
mode, left) and with (AFID mode, right) RbCl salt present in channel.
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Specifically for organonitrogen compounds, it is known that rubidium salts give the
largest signal enhancement in the AFID.*** As such, RbCl, RbNOs, and Rb2SO4 were
each investigated. RbNO3z produced a purple flame color and a somewhat enhanced
response for nitrogen analytes over hydrocarbons. However, it yielded an erratic
background response, an extremely unstable baseline, and inconsistent signals. Further, it
quickly disappeared due to its low boiling point of 578 °C, and so it was not used further.
While RbCI showed no flame color, it demonstrated excellent nitrogen signals relative to
carbon. Still, substantial erosion of the RbCl salt packs appeared over short periods, along
with a brown residue in the flame channel that increased background interference and flame
instability. As such, it was not pursued further. By comparison, Rb2SO4 also presented no
flame color, but offered excellent nitrogen response relative to carbon and the most
consistent analyte signals. Further, due to its low volatility (b.p. 1700 °C), no salt pack
erosion or residue in the flame channel was observed. These findings agree with others
who found Rb2SO4 to be optimal for nitrogen AFID response.** Note that KCI was also
briefly examined and found to produce decent nitrogen response; however, it was also
abandoned as it gave less nitrogen selectivity than rubidium salts, consistent with previous
reports.>*

For all salts, operating a freshly packed sensor often needed some initial
conditioning prior to use. For instance, in the first few trials this usually created a large,
tailing initial background response that stabilized 10-15 minutes after ignition. After this,
most chips could be readily used shortly after ignition, only exhibiting a small ignition peak
that quickly came back down to baseline. Additionally, it was noted condensation from the

flame ignition would often interact with the salt resulting in a large, noisy signal that would
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tail severely. Preheating the sensor to 60 °C was found to eliminate this occurrence and
improve the overall consistency of ignition procedures.

As noted previously, salt sources are known to be consumed during AFID
operation, and an eventual loss of analyte response and selectivity is normally observed
with extensive usage.®* Similarly, after continuous weekly operation of the AFID sensor
here, selectivity decreases. However, it usually takes several months before significant
analyte response degradation is observed. Additionally, due to the size, cost, and design
simplicity, several devices can be assembled and prepared in advance so an expended chip
can be easily replaced. Moreover, cleaning and repacking a used chip can be done within

a day.

3.3.2 Flame Orientation and Positioning

Early testing of flame positioning and orientation was critical in determining if a
sensor-based AFID was even possible. For example, rather than analyte being introduced
to the flame by an inert carrier gas in GC, typical sensor architectures require analyte to be
drawn into the flame along with the ambient air that also supports its combustion, which
can impact molecular decomposition and detector response.®® As well, analyte introduction
is relatively transient in GC detection but more continuous in sensor modes, which can also
potentially alter flame chemistry, analyte decomposition, and response. As such, several

flame orientations and their relation to air and analyte introduction were examined.

Countercurrent flames, where flame gas capillaries opposed each other, were

attempted in initial single-channelled versions of the sensor as these types of flames had
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seen success in other detector types.’% However, this style of sensor was quickly
abandoned mainly due to the difficulty of salt packing in this version and the subsequent
construction of the planar channelled format. Both orthogonal and linearly aligned flame-
gas capillaries were attempted in the chip format as mentioned above, and it was
established that having both capillaries in a single inlet minimized flame instability.
Ultimately, all flame orientations were able to adequately produce analyte species and
demonstrate an enhanced nitrogen response. Research into flow dynamics of the flame
gases, mixing ratios, and the mechanism behind AFID response may help to better

understand these impacts but were not further explored in this work.

As discussed, interactions between the flame and the alkali salt were most important
in generating the enhanced nitrogen signals in the sensor, regardless of flame orientation.
This concept was further illustrated when the flame was moved laterally in the main
channel of the detector in relation to the salt pack. When it was situated at the downstream
edge of the salt pack and then moved to the middle of the channel junction, the nitrogen
response increased over 5 times Figure 3-3. This demonstrates that the body of the flame
must be central to slightly upstream to the salt pack to influence and enhance signal
response. Thus, flame operation in the middle of the salt pack was employed in addition to

coating the flame junction with saturated salt solution.
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Figure 3-3: Methane (M) and diethylamine (DEA) response in the AFID sensor as flame position
is altered. Left most peaks were produced when. flame was in the position indicated in the image
by the red arrow. Left most peaks were produced when flame was positioned at green arrow.

3.3.3 Gas Flows

Gas input was next examined, where hydrogen flow showed a significant impact
on sensor response. From Figure 3-4, over the range of 11 to 19 mL/min hydrogen, nitrogen
response (as diethylamine) doubled and maximized between 13 and 15 mL/min.
Meanwhile, methane response was relatively unchanged. Therefore 14.5 mL/min of

hydrogen was used going forward to achieve optimal N/C selectivity.
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Figure 3-4: AFID response to methane (M) and diethylamine (DEA) as a function of hydrogen

flow. Flows from left to right: 11, 13, 15, 17, and 19 mL/min. Intermittent spikes indicate a change
in flow.

Since the micro-air pump was fixed at 40 mL/min, an auxiliary air flow from a tank
source was added in using a tee between the micro-air pump and the air inlet of the sensor.
In this way, when total air was increased from 40 to 80 mL/min, nitrogen response
increased by only 11%, while methane was again unchanged (Figure 3-5). Given the minor
benefit posed and the obstacle of adding more air to this portable device, 40 mL/min from
the micro-air pump was deemed optimal for overall operation. Future devices may employ
a higher flow from the air pump; however, in its current form, 40 mL/min is the upper limit
of these air pumps. These findings also agree with previous AFID gas optimization reports
indicating that hydrogen has a more significant influence on signals and baseline
perturbations compared to air flows.*** Therefore, hydrogen flow must be carefully

optimized to maximize response.
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Figure 3-5: AFID response to methane (M) and diethylamine (DEA) as a function of air flow. From
left to right (as doublets): 40 mL/min (pump), 60 mL/min (40 mL/min pump + 20 mL/min auxiliary),

and 80 mL/min (40 mL/min pump + 40 mL/min auxiliary). Intermittent spikes indicate a change in
flow.

3.3.4 Other Tests and General Traits

In addition to the parameters mentioned above, several other minor experiments
were performed over the course of this research with the AFID sensor. These tests were
largely qualitative in nature to gain a better understanding of the general traits and functions

of the detector, as well as to ensure that day-to-day procedures were acceptable.

To confirm that daily sampling bag cleaning was adequate in removing all traces
of previous analytes, bags were flushed three times and filled with medical-grade air. A
blank air bag was also prepared using medical-grade air in a bag that had not been used for

analyte preparation in the past. Both bags were then tested in the AFID, and their signals
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compared. For all intents and purposes, flushing the bag at least three times was more than

sufficient to remove all traces of analyte.

Early on, it was noticed that the AFID was sensitive to electronic sources of noise.
For example, extension cords, device charging cables, and the heater block used for
preignition heating of the chip could all introduce up to a ~10 times increase in baseline
noise, reducing S/N values. This is expected at this stage of development, as the electrodes
are essentially in open air compared to typical ionizing detectors, which are generally more
insulated to limit such noise and protect the device. As such, these sources of electrical
noise were moved or eliminated from close proximity to the sensor. The heater block itself

was simply turned off (i.e. no applied current) after preheating the chip.

Another interesting trait of the AFID sensor is the general signal trend over time.
Typically, the device exhibits slightly higher response upon ignition, and as the device
remains active, signals start to depreciate and eventually taper off and plateau. Earlier
versions of the sensor exhibited this behaviour to a much more extreme degree, whereas
current versions only vary ~10% over the course of an hour. While this can directly affect
the sensitivity of the device, unless analyte concentrations are nearing the LOD, this is
typically not an issue. Moreover, this cascade seems to affect both nitrogen and carbon
signals, meaning selectivity of the device stays functionally the same. The cause of this
characteristic is unknown, as it has not impacted the function of the sensor significantly
enough to warrant further study. It is speculated that it might be related to the thermal
changes in the salt or the device itself as it heats since this has been seen to impact
response.> It could also be due to infrequent, minor changes in hydrogen flows from day

to day before readjustment. Day-to-day signal reliability was also somewhat unstable in
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early models, where signal heights could vary upwards of 30%. This is not seen in current
iterations of the sensor, where signals are consistent on a day-to-day basis. This reliability
is likely a result of standardizing ignition procedures and limiting condensation, which was

known to heavily affect the salt and ensuing signals.

3.4 Analytical Figures of Merit

3.4.1 Sensitivity and Selectivity

Using the optimized conditions above, the analytical performance of the AFID
sensor was characterized in detecting organonitrogen species. As examined in Chapter
One, sensitivity and detection limits are important in trace analysis and are standard
benchmark features when comparing a novel detection method to a conventional one.
Several calibrations were tested over various analyte concentration ranges across several
days. Figure 3-6 displays a representative 6-point calibration plot of sensor response as a
function of analyte concentration. DEA and methane were used as the organonitrogen and
hydrocarbon compounds respectively, as these had been used in the optimization tests. As
seen, the AFID sensor yields a sharp increase in nitrogen response (as diethylamine) for
increasing concentrations, reflecting its high sensitivity for such analytes. As a result, the
LOD of the AFID sensor towards organonitrogens was ~30 pg N/s, which correlates to sub
ng/mL amounts (parts per billion level) of DEA (at 40 mL/min air/sample flow).
Conversely, for hydrocarbons, the detection limit was ~2800 pg C/s. These values were
determined when S/N = 2, where noise was measured peak-to-peak from a representative

baseline of the AFID sensor.
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Figure 3-6: 6-point calibration plot of methane (A ) and diethylamine (m) in the AFID sensor. Gas
flows were 40 mL/min air, 14.5 mL/min hydrogen.

This LOD for nitrogen is on the upper end of the low pg detection limits typically
reported for the AFID but still falls on the same order as these values.** Regardless, this is
quite a reasonable value considering the key operating differences here. For instance, GC-
AFID delivers analyte to the detector by inert carrier gas added to the hydrogen flow
entering the flame inner cone while air flows concentrically around it.** Conversely, as
with many air sensors, analyte here is drawn into the device along with the supporting air
flow into the flame outer cone, without inert gas diluting flame species or temperature.
Thus, this could alter flame chemistry and lead to premature analyte oxidation and reduced
response. Still, the value above is analytically useful as, for example, many nitrogen-
bearing chemical warfare agents are lethal at ~10-100 ng N/s and thus require detection at

and below this level 1160
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As illustrated in Figure 3-6, DEA shows a considerably enhanced response,
whereas with methane, much less sensitivity is observed as the carbon signal changes
relatively little over the concentration range investigated. This yields a selectivity for
nitrogen response over carbon of about two orders of magnitude on a per gram of element
basis (g N/g C), which is somewhat lower than expected from GC-AFID and is likely due
to the differences in analyte introduction noted above.** Nonetheless, the sensor

demonstrates a clear bias towards nitrogen compounds in analysis.

3.4.2 Linear Response

As seen in Figure 3-6, both organonitrogen and hydrocarbon compounds exhibit
linear profiles over these low-end concentrations. Figure 3-7 again demonstrates this linear
profile for both methane and DEA over three orders of magnitude. This is consistent with
other reports of linearity in the AFID that range from three to six orders of magnitude.
Generally, it is expected that these curves will extend to some degree at higher analyte
concentrations before ultimately plateauing as the detector response becomes saturated,
however, this could not be observed here. This is primarily due to analyte sample bag
preparation, where the vapor pressure of DEA limited its ability to transfer to the gas-phase
at higher amounts. Additionally, higher levels of methane could also not be achieved since
high sample bag concentrations resulted in the flame extinguishing. Nevertheless, it is
apparent that this sensor exhibits a linear profile for organonitrogen species as well as

hydrocarbon-based species.
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Figure 3-7: Calibration plot of the AFID sensor over three orders of concentration for both
methane (A) and diethylamine (m). Gas flows were 40 mL/min air, 14.5 mL/min hydrogen.

3.5 Response to Various Compounds

3.5.1 Response to Nitrogen Compounds

While the primary compounds used in determining detector optimums and traits
were DEA and methane, impacts of molecular structure and chemical properties on sensor
response remain to be studied. To test the response of other nitrogen compounds, 1 pL
aliquots of some 12 different analytes were prepared in sample bags (~900 ng
compound/mL) and examined with the AFID sensor. The response obtained for each (in
mV/mol N) was then normalized for comparison with respect to the median value, assigned
to propylamine. Typical results are shown in Table 3-1, where a wide range of nitrogen-
containing analytes yield varying signal strength. Of note, with few exceptions, most

respond much greater than methane, which is shown for comparison. For instance, most
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alkylamines respond similarly regardless of carbon chain length or branching. While
butylamine response is a bit smaller, this appears unrelated to its lower volatility, as trials
with heated sample bags (60 °C) yielded no difference. Cyclic analytes also responded in
similar fashion. Multifunctional analytes like ethylenediamine were also investigated, but
the response was inconsistent and inconclusive due to their polarity and non-volatility.4?
Thus, the analyte structural differences above did not yield a major impact on response.
Conversely, oxidized nitrogen compounds produced a dramatically lower response that
was similar to methane. Ammonium hydroxide also gave similar results. These findings
are reasonable since the underlying AFID response mechanism is largely believed to rely
upon the analyte forming CN- radicals in the flame.%254850 Thys, the inability of oxidized
and inorganic nitrogen species to produce such species could lead to their low response, as
noted previously.*® This lack of sensitivity towards these species is considered a substantial
asset. Given that the vast majority of atmospheric nitrogen is oxidized (NOx) or inorganic
(NHs3), the lack of response towards these species allows for airborne sampling of other

agents without worry of background interferences due to these species.’
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Table 3-1: AFID response toward various nitrogen compounds

Analyte Relative Response*
butylamine 0.63
propylamine 1.00
ethylamine 1.00
diethylamine 1.14
triethylamine 1.31
isopropylamine 1.30
pyridine 0.73
pyrrolidine 0.99
piperidine 1.09
nitromethane 0.06
t-butyl nitrite 0.04
ammonium hydroxide 0.04
methane 0.01

* = mV/mol N response normalized to propylamine (median value);
concentrations were ~ 900 ng/mL compound each

3.5.2 Response to Heteroatomic Compounds

As discussed, the AFID is sensitive to other heteroatoms in addition to nitrogen.
The AFID sensor was examined with organic analytes containing oxygen, chlorine, sulfur
and phosphorus. Similar to Table 3-1, Table 3-2 displays the typical results for such
analytes with their response (in mV/mol element) normalized to DEA for comparison. As
seen, oxygenated hydrocarbons responded weakly, like methane, indicating oxygen had no
apparent impact on analyte response. By comparison, chlorine species also yielded a
similar low-level signal, but it was instead negative, akin to other reports of organic halide
response in the AFID.*2% This too suggests that chlorine, and likely other halogens, have
little impact on analyte response. Conversely, trimethyl phosphite (TMP) produced a nearly

100-fold greater response than DEA. This is anticipated as the AFID is also conventionally
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used for phosphorus detection, which is known to yield 100 times more sensitivity than
nitrogen.*>°* Surprisingly, carbon disulfide also elicited a relatively strong response that
was about half of that obtained for diethylamine. This is interesting since the AFID
typically yields weak and/or negative responses toward such analytes, although certain

designs have reported positive sulfur sensitivity on par with nitrogen.>*>7

Table 3-2: AFID response toward various heteroatomic organic compounds

Analyte Relative Response*

diethylamine 1.00
methane 0.01
methanol 0.01
acetone 0.02
tetrahydrofuran 0.02
dichloromethane -0.01
chloroform -0.01

trimethyl phosphite 110.24
carbon disulfide 0.56

*=mV/mol element response normalized to diethylamine (N responder);
concentrations were ~900 ng/mL compound each except for trimethyl
phosphite and carbon disulfide at ~13 ng/mL

Also interesting is that the phosphorous and sulfur analytes above yielded highly
asymmetric signals. For instance, sulfur signals consistently tailed greatly and took nearly
an hour to return to baseline. Phosphorous behaved similarly at higher concentrations, but
near 10 ng/mL or lower it reverted to a sharp symmetrical signal akin to that of nitrogen.
It is unknown if this effect is specific to all such analytes, but if so, it could act as a further

qualitative indicator of their presence since this was not observed for any other compounds.
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Figure 3-8 illustrates the typical analyte signal profiles seen, where the characteristic noisy,

tailing carbon disulfide signal (peak 10) is notable among them.
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Figure 3-8: AFID sensor response toward various analytes under the optimum conditions. Analytes
are: 1. air, 2. methane, 3. diethylamine, 4. methanol, 5. acetone, 6. tetrahydrofuran, 7.
dichloromethane, 8. chloroform, 9. trimethyl phosphite, and 10. carbon disulfide. Concentrations
are about 900 ng compound/mL each, except analytes 9 and 10 which were 12 and 140 ng/mL
respectively.

An interesting phenomenon occurred when testing various heteroatomic
compounds. After TMP was tested in large amounts (>1100 ng/mL), DEA signals seemed
to increase in height. As shown in Figure 3-9, DEA signals more than doubled in height
after the concentrated TMP peak had come through the system. However, noise also
drastically increased in the system, overall decreasing S/N values. This occurrence has
been seen in past TID systems, which showed that successive injections of 1 pL trimethyl
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phosphate in 10 min led to an enhanced response for repeat injections.*® The author

suggested that this was a result of reactive species forming at the salt source, which led to

enhanced degradation or ionization efficiencies. Though interesting, the practicality of this

phenomenon is of no benefit at this time and was not further examined here.
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Figure 3-9: AFID sensor response to diethylamine sample bags (800 ng/mL) before (leftmost
peaks) and after (rightmost peaks) sensor was subjected to concentrated levels of trimethyl
phosphite (>1100 ng/mL) for ~30 seconds.

3.5.3 Response to Common Atmospheric Gases

In addition to specific analyte responses, other common atmospheric components

such as nitrogen, carbon dioxide, and oxygen were explored with the sensor. Air bags were

spiked with 10 mL aliquots of each gas and tested against a pure air bag. Both nitrogen and

carbon dioxide bags exhibited a small signal decrease compared to the air bag, and as
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additional aliquots were added, the signal response continued to fall. Conversely, the
oxygen-spiked bag slightly increased in signal height. This indicates baseline response is
primarily affected by the oxygen content of the sample. This is reasonable, given air is the
primary oxidation source for the flame, and as the oxygen percentage of the intake air
changes, so do flame properties like temperature and ionizing potential. Similarly, this is
why the air bags demonstrate a slight positive peak, as they likely have a higher oxygen

ratio than the ambient air.

Humidity was also briefly investigated by similarly spiking air bags with 10 pl of
deionized water and letting it evaporate. Like nitrogen and carbon dioxide, the signal height
was slightly decreased compared to the air bag, likely owing to oxygen displacement in the
flame. The impact that altering oxygen and humidity sample matrix ratios have on analyte
response remains to be examined in depth, but it is currently notable that none of the gases

or the water vapor responded strongly or altered peak shape.

3.6 Conclusion

A novel AFID sensor was developed for the selective detection of airborne
organonitrogen analytes. Here, several design variations were explored, and the reasoning
for them explained, as well as the overall optimization and characterization of the device.
Ultimately, a planar, four-channelled format constructed of quartz was adopted. This
allowed for the inclusion of all components necessary for AFID detection mechanisms.
Furthermore, this design was simple, lightweight, compact, and portable, all attractive

features of a sensor-based detection system. The system was further characterized and
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optimized by observing general traits of detection response and how signals were affected
by several variables. Use of RbSOj as the alkali salt was found to provide the best signal
response in addition to maintaining optimal contact between the salt and flame. Flame gas

flows were found to be ideal at 40 mL/min of air and ~14.5 mL/min of hydrogen.

Once optimized, quantitative detector characteristics were inspected, producing
figures of merit. The sensor showed obvious selectivity for organonitrogen species over
purely organic species giving an LOD of 30 pg N/s and 2800 pg C/s and a selectivity of
~10% g C/g N. Additionally, signal response was found to correlate linearly with analyte

concentration over three orders of magnitude.

Lastly, the signal response of various nitrogen-containing compounds, organic
heteroatomic species, and common atmospheric components was studied. Some variances
between organonitrogen species were noted, with inorganic and oxidized nitrogen
compounds showing very little response in comparison. Oxygen- and chlorine-containing
species responded minimally, like hydrocarbons, while phosphorus was ~100 times more
selective than nitrogen. Sulfur also showed an unexpectedly high response (~0.5 times less
selective than nitrogen), but its characteristic signal profile is expected to aid in its
recognition. Finally, N2, CO, and water vapor were all shown to displace oxygen in the

flame, which can slightly affect baseline response.
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Chapter Four: Selective AFID Sensor Detection and Tandem

Detector Applications

4.1 Introduction

Having optimized and investigated the analytical parameters of the AFID sensor, a
direct comparison to a conventional detector was initiated. As mentioned previously, the
FPD has been used in several sensor-based detection systems, mainly for sulfur and
phosphorus but has seen a limited use for nitrogen. It is also flame-based as well is similar
in cost and complexity to the AFID. As such, the AFID sensor response was compared to

that of a typical FPD to demonstrate its selectivity for nitrogen.

Furthermore, while the FPD is weak in its ability to identify organonitrogen
compounds, it provides excellent information regarding other species like sulfur and
phosphorus. To capitalize on this perception, the aforementioned sensors were coupled
together as a means to gain more information about a sample in a single test. This also
helps to limit false positives in the AFID and allows for detector-specific ratios, which can
further be used as a general screening tool for specific elements. The use of this ratio, as

well as its dependence on sample structure and concentration, will be examined as well.

Lastly, to evaluate the analytical utility of the standalone AFID sensor as well as
the tandem AFID/FPD, both were employed in the analysis of several real-world samples.
Applications include petrochemical and organic matrices, as well as chemical warfare

simulant testing.
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4.2 AFID and FPD Sensor Comparison

To achieve a direct comparison between detectors, a standard FPD was fitted with
a gas-phase analyte introduction system like that used in the AFID. The PMT of the FPD
was also fitted with a 240-395 nm band pass filter to better isolate the luminescence
stemming from nitrogen in the flame and to minimize background interference.® From an
architectural point of view, the construction of the AFID sensor is relatively simple
compared to the FPD. For instance, aside from the weight and size differences of the
employed FPD, it requires a light-tight housing as well as a PMT and light guide which
adds cost and bulkiness when designing an FPD sensor. By contrast, the AFID sensor can
be operated in open light and requires a single collector electrode. It must be noted that
while both sensors employed the same analyte delivery system, the flow of the micro-air
pump of either detector was slightly different, with the AFID pump flowing ~1.5 times
greater than the FPD. However, the flows used are necessary as they provide optimal
detection conditions in either sensor. Thus, this allows a direct comparison of sensor

performance when faced with the same concentration of analyte.

To determine the N/C selectivity, methane and DEA sample bags were tested on
each system individually. For the same concentration of DEA exposed to each sensor, the
AFID produced 16.6 times larger signals (n=5) and ~10 times less noise, providing a two-
order of magnitude increase (~160 times) to analyte S/N ratio compared to the FPD (Figure
4-1). The AFID sensor also produced a N/C response selectivity of 60.1, while in the FPD,
the N/C selectivity was only 3.6, a ~1600% increase. This primarily stemmed from a much
larger AFID nitrogen signal, as carbon response varied little between the devices. Even

considering that the air pump analyte mass-flow of the FPD is slightly lower than that of
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the AFID, the signals generated in the proposed sensor still offer superior selectivity and
S/N values. Thus, these results are favorable for the AFID sensor and demonstrate the
difficulty in analyzing for nitrogen with the FPD, as it typically provides a nitrogen

response that is only marginally larger than that of carbon.
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Figure 4-1: Comparison of identical methane (M) and diethylamine (DEA) sample signals in both
the AFID (top) and FPD sensors (bottom). A magnified image of the first set of peaks in the FPD
is also shown. Analyte concentrations are ~800 ng/mL each.
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4.3 Tandem Detector System

4.3.1 Response Ratios

While the AFID sensor can offer improved performance, like all isolated detection
methods, it remains subject to the difficulty in ultimately discerning target analytes from
background hydrocarbons present. For instance, although the AFID and FPD each
selectively detect nitrogen to different degrees, a lone signal from either sensor can lead to
false determinations since it is difficult to ascertain if it arises from a target nitrogen analyte
or an abundant hydrocarbon interferent. This is further problematic due to the absence of
GC separation in these sensor modes and the qualitative information that is missing from
analyte retention. To aid this, many modern sensor platforms, as well as traditional GC
systems, have used multiple devices to detect a sample.>*%%87 Even more useful is the
combination of simultaneous signals from different detection modes to obtain a unique
analytical signature for different species. For instance, this has been employed previously
in GC separations, where the response ratio between the AFID and the FID,® or separate
wavelength channels of an FPD,* has been used to gain structural and elemental
composition information about an analyte. Since this approach has not been used for
nitrogen detection in a dual AFID and FPD sensor without GC separation, it was
investigated further here.

For this, the AFID and FPD sensors were connected in parallel such that a sole
sample inlet led into a tee union that split the analyte flow into separate paths. In this way,
the respective micro-air pump of each detector drew sample simultaneously and
independently from the same source. An example of the data captured from this setup is
shown in Figure 4-2. As seen in Figure 4-2A, the signals obtained from each device overlap
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very well and display near-identical profiles. Strictly based on visual observation of these
signals (and knowledge about the specificity of either detector), it is apparent that the first
signal is likely hydrocarbon based as neither detector is selective towards carbon.
Conversely, the second peak can be assumed to contain nitrogen as the AFID generates a
large signal while the FPD does not. Similarly, if both the AFID and FPD were to yield an
enhanced response, it could indicate that phosphorus is present. While this is simply an
educated guess prone to incorrect assumptions and potentially false identification, it is a

rapid method that provides qualitative information about the analyte.
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Figure 4-2: Simultaneous sensor response toward a methane and diethylamine (DEA) sample in
both the AFID (solid line) and FPD (dashed line) devices under optimum conditions.
Concentrations are about 800 ng/mL each. B) The ratio of the response traces shown in A after
baseline subtraction.
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Taking this a quantitative step further, a more powerful outcome is obtained when
the ratio of these signals in either detector is acquired, as shown in Figure 4-2B. Here,
specific to the analyte character and its response in each detector, the AFID/FPD ratio can
be quantified, and for DEA is about 13 in this trial, while for methane it is near 1. As such,
these distinct ratios can offer greater confirmation of analyte identity. Moreover, it can be
seen in Figure 4-2B that the ratio of random background noise from each device yields
high variability in the value obtained. However, when an analyte is present, the correlated
signals from each sensor rapidly produce a more uniform and unique ratio. For instance,
the ratio values obtained between the analyte signals (~12-17 minute range) varied by about
70 %RSD, whereas those obtained for carbon (~8-11 minute range) and nitrogen (~17-21
minute range) varied by only 2-4 %RSD. Thus, this information can also be used to
potentially detect a chemical “event” through the onset of signal correlation, in addition to

identifying the analyte present.

4.3.1.1 Concentration and Compound Dependence

While detector ratios offer an approach that can detect a chemical “event” and
subsequently provide information about the atomic content of the chemical, it is unknown
if this ratio is constant with changes in molecular structure and compound concentration.
Table 4-1 shows the impact of analyte concentration on the average response ratio obtained

for DEA and methane (n = 4).
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Table 4-1: Detector response ratios as a function of analyte concentration

Analyte Concentration (ng/mL) AFID/FPD Response Ratio
15 13.98
75 12.47
diethylamine
150 12.32
375 14.92
273 0.78
methane 547 0.83
1367 0.82

As seen, over the range investigated, the AFID/FPD ratio of the nitrogen analyte
yields somewhat consistent values with an overall result of 13.4 £ 1.0, giving a %RSD of
8.1%. Methane behaved more uniformly, giving an overall ratio of 0.81 + 0.02 (2.7
%RSD).

Table 4-2 examines this ratio as a function of analyte structure. Here, the values
obtained for the various nitrogen analytes range between 9.5 and 12.5. Conversely, the
hydrocarbons examined all yielded ratios less than 1, except for methanol, which
responded nearer to 2. This suggests that the ratio obtained has no major dependence on
analyte concentration and structure. As such, since nitrogen-containing species provide
distinctly different ratios in this tandem sensor setup than do hydrocarbons, this approach
could facilitate the clearer identification of unknown analytes. In the future it would be
interesting to explore additional sensors to see if specific ratios could be used to identify

multiple analytes.
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Table 4-2: Detector response ratios for various nitrogen and carbon-containing

analytes

Analyte AFID/FPD Response Ratios
diethylamine 12.49
pyridine 9.55
propylamine 11.84
isopropylamine 10.01
methane 0.90
hexane 0.39
tetrahydrofuran 0.77
benzene 0.31
methanol 2.29

- concentration of each is ~900 ng/mL

4.4 Method Applications

4.4.1 Impact of Sample Matrix on Signal Response

As briefly discussed, a sample matrix can play a significant role in the efficacy of
a detection method. Selective detectors are often used to eliminate these background
interferences but can still lead to false positives and mischaracterization of a sample.
Moreover, certain matrices can often mask or trap a desired analyte, leading to false
negatives. Thus, it is necessary to characterize the AFID sensor response to analytes present

in various mediums.

The first sample matrix concerns the emission of aliphatic amines, which are
present in vehicle exhaust emissions and their fuel sources.%® Since they can significantly
impact atmospheric chemical processes, their analysis in such matrices is of great interest.®

Figure 4-3 shows the AFID sensor response to a 5, 13, and 26 %v/v sample of car exhaust
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spiked with 800 ng/mL of DEA. As seen, a very clear, stable, and strong signal is obtained
that depreciates as the volume of car exhaust in the sample bag increases. Since blank trials
without DEA showed very low signals of only about 2 mV for car exhaust (5%) alone, the
dominant signals in Figure 4-3 can be directly ascribed to the presence of the amine in the
sample. Similar to tests regarding other atmospheric gases, the reduction in signal height
with exhaust volume is attributed to the displacement of oxygen in the flame. Given that
car exhaust is largely composed of N2, CO,, and water vapor, this is understandable.™
Regardless, this test indicates the proficiency of the sensor to selectively detect

organonitrogen analytes in a polluted sample environment.
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Figure 4-3: AFID sensor response to 5, 13, 26 %v/v of car exhaust to air sample bags (left to right)
spiked with 800 ng/mL of DEA.
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Likewise, petroleum matrices are of similar interest to car exhaust. Since field
analysis is often hampered by the presence of other volatile substances, such as fuel vapor,
this can lead to false positives. Therefore, samples of gasoline were prepared and spiked

with DEA and tested in the tandem AFID/FPD system (Figure 4-4).
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Figure 4-4: Simultaneous sensor response in both the AFID (solid line) and FPD (dashed line)
devices to pure gasoline (A) and gasoline spiked with DEA (B). Concentrations are ~800 ppm of
gasoline in either sample bag and 800 ng/mL of DEA in spiked bag.

Once again, based on the diminished AFID signal seen in Figure 4-4A, the
enhanced signal in Figure 4-4B is directly due to the DEA present. Additionally, the AFID
still exhibits excellent selectivity towards the target analyte in a polluted environment
(Figure 4-4B) and does not show any degradation in signal due to the gasoline matrix when
compared to a pure DEA sample bag (800 ng/mL). Furthermore, since inspection of this

signal alone is unable to confirm the analyte identity, the AFID/FPD detector ratios were
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calculated and showed values of 0.34 for pure gasoline and 11.8 for the spiked gasoline.
This aligns with the findings above, where hydrocarbon compounds typically exhibited a
ratio of <1 and nitrogen compounds averaged a ratio of ~13. Therefore, response ratios

from tandem devices can help to ascertain analyte identity and prevent false positives.

More remotely, the noxious odor of certain amines in areas such as markets also
prompts a related interest in monitoring for such species in fish and other natural sources.’*
Figure 4-5 shows the AFID sensor analysis of the headspace over a piece of fish containing
DEA. Again, a clear, strong peak appears and is assigned to the analyte as the blank fish
sample produced only a minor signal of about 4 mV. As well, since the DEA was present
at a similar level as in Figures 4-3 and 4-4 (about 800 ng/mL), it is interesting to note that
the smaller signal obtained in Figure 4-5 is likely due to the strong attraction of the fish
tissue for the analyte versus the vapor phase.”* This is corroborated by the observation that
replicate signals of the same bag continued to diminish over roughly two hours until
reaching only slightly higher levels to that of the unspiked fish response. Thus, certain
sample matrices are shown to adsorb target analytes, which can limit but not eliminate
response. This indicates the impact sample composition can have on the analyte, and in the
future, it would be interesting to test the rate at which various sorbents are able to remove
these analytes from an air sample. Nevertheless, such amines are shown they can be readily

analyzed using the AFID sensor.
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Figure 4-5: AFID response to the headspace over a 10 g piece of dried fish meat without (left
peak) and with (right peak) 800 ng/mL of DEA. Time from spiking to testing was ~10 min.

4.4.2 Acetonitrile as a Chemical Warfare Surrogate

The second application concerned the analysis of acetonitrile (ACN), a toxin
prominently present in biomass burning and which is also often used as a tracer in field
research for the presence of similar cyanide related species.’”? Even more, the well-known
chemical warfare agents cyanogen chloride (CK) and hydrogen cyanide (AC) hold similar
properties to this analyte and is used in their production, making ACN a commonly
employed surrogate for CK and AC in simulation testing.”*=" Figure 4-6 shows the AFID
sensor analysis of an air sample containing acetonitrile. As seen, it provides a very strong,
well-defined signal for the analyte, which is present at 44 ng/mL. This concentration

represents about half the equivalent amount of CK and AC believed to be immediately
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dangerous to life or health (IDLH).'>"®7" Thus, the AFID sensor could be appropriate for

detecting such agents at low concentrations in threat assessment applications. 16078
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Figure 4-6: AFID sensor response to acetonitrile in air at a concentration equivalent to sub IDLH
levels of CK/AC (44 ng/mL). Three replicate runs shown.

Further, ACN was also tested in the joint AFID/FPD sensor. It was found that ACN
signals yielded a response ratio of ~17. While this is slightly higher than past ratios for
nitrogen-containing species, it again demonstrates the difference in values between
organonitrogen analytes and hydrocarbon-based matrices (e.g. gasoline). As such, the

AFID sensor may be useful for analyzing volatile organonitrogen analytes in these and

other applications.
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4.5 Conclusion

The capabilities of the AFID sensor in terms of selectivity and sensitivity were
compared to that of a typical FPD. The AFID was superior in N/C selectivity giving a ~16
times increase in both nitrogen response and N/C signal selectivity. Furthermore, the AFID
could provide over a ~160 times increase in S/N values to that of the FPD under optimal
detector conditions. This demonstrates the ability of the sensor to offer increased
organonitrogen detection over conventionally used techniques. Moreover, the simplicity in

design compared to an FPD offers additional benefits to such a system.

Aside from directly comparing the two systems, it was realized that using the FPD
in tandem with the AFID offered the capability to gain additional knowledge about a
sample. As such, the two detectors were placed in parallel to simultaneously detect a
sample. From here, detector-specific ratios could be determined, which were found to be
specific to the heteroatomic content of a sample. Further testing showed that this ratio is
not significantly influenced by the concentration of the analyte nor the structure, as long as
it contains the specific heteroatom necessary for response. This allows for a more detailed
and precise molecular and structural determination of a sample, as well as facilitates the

addition of other sensors and their subsequent ratios.

The applicability of the sensor, as an individual and in a tandem detection mode,
was explored through the testing of various samples. The effect of interfering
petrochemical and organic sample matrices were found to have little effect on target analyte
response in the AFID. Even analytes in heavily polluted environments where oxygen in the

flame was significantly limited produced a notable signal. However, sample matrices that
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were able to adsorb analytes, like the fish, could reduce their availability in the gas-phase
and limit, but not eliminate, signal response. Additionally, acetonitrile, a chemical warfare
agent surrogate, was also able to be detected in sub IDLH levels which demonstrates the
sensors use to aid in risk management. Detector ratios in the tandem detector setup were
also analyzed and it was found that these ratios are consistent for target analytes in
contaminated samples. Furthermore, real-world sample matrices produced similar ratios to

that of laboratory standards.
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Chapter Five: Summary and Future Work

5.1 Summary

The works detailed in this thesis explore the use of a novel AFID as a sensor for
airborne organonitrogen compounds. Nitrogen-containing species are found in a variety of
industries and are often toxic and can severely impact environmental conditions. Therefore,
the identification and quantification of such species are important for regulatory and risk
assessment measures. Unfortunately, currently available techniques for detection of these
compounds are stationary in nature, making them unavailable for in-situ analysis. Portable
detection methods do exist, however, they suffer from a lack of specificity or rely on
complex detection mechanisms, which can make them complex and expensive. This work
makes use of a lightweight, portable, inexpensive novel detection system to be able to

selectively detect gas-phase organonitrogen compounds in the field.

The construction and general traits of the sensor were first explored to better
understand conditions in which organonitrogen response was maximized. Detector design,
flame gas flows, flame orientation, and alkali salt type and packing procedures were all
found to influence signal response and, as such, were optimized to achieve the greatest

signal enhancement for nitrogen species.

Once the signal response was optimized, characterization of the sensor was further
examined. Specifically, it was found that signal response was largely uniform for various
nitrogen-containing species, with the exception of inorganic and heavily oxidized species.

The response to other heteroatoms was also examined, with oxygen- and chlorine-

76



containing compounds producing a minimal response akin to the hydrocarbons. The sensor
demonstrated a selective response towards organophosphorus species as well with ~100
times selectivity over nitrogen. Sulfur also showed a higher response than expected but
was often accompanied by a characteristic noisy, tailing response after it was sensed.
Nitrogen, carbon dioxide, and water vapor were also shown to slightly impact baseline

response and was likely due to the displacement of oxygen to the flame.

Next, the AFID sensor was compared to a commercially available flame-based
sensor often used in similar applications. A conventional FPD was fitted with the same
airborne analyte delivery system as the AFID and signals of both an organonitrogen and
hydrocarbon were compared. It was found that the AFID provides over a 1600% increase
in both nitrogen response and N/C selectivity. Additionally, noise was ~10 times smaller
than the FPD, resulting in a ~160 times increase in S/N values. These two sensors were
then coupled in parallel as a means to increase analyte identification by using qualitative
analysis of signals from each detector. Additionally, by taking the signal ratio of the
detector responses, quantitative values for compounds could be achieved. These values
were found to be specific to heteroatom content, meaning this ratio could further aid in the

identification of a sample.

Finally, the applicability of both the standalone AFID sensor as well as the tandem
AFID/FPD system was examined using various sample matrices. First, the response of a
target organonitrogen analyte in various sample matrices was examined. Ultimately, the
sensor maintained a selective response in both petrochemical and organic sample matrices,
although response intensity could vary depending on oxygen content as well as potential

matrix-analyte binding processes over time. The sensor was also found to be able to detect
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levels of acetonitrile, a surrogate for the blood agents CK and AC, that equate to sub IDLH

levels for either compound.

Overall, this study illustrates the characterization and optimization of a novel
detection system for in-situ analysis of compounds that currently require complex,
expensive, and non-portable systems for analysis. This system can effectively provide a
selective response for organonitrogens while minimizing background signals. Furthermore,
coupling of this sensor allows for increased means of analyte identification and

minimization of false positive signals.

5.2 Future Work

5.2.1 Detector Adaptions

As the sensor stands currently, it is able to respond selectively toward gas-phase
organonitrogen species. Furthermore, coupling the AFID to another detector like the FPD
was seen to help prevent false positive determinations. Continuing this trend and adapting
the AFID/FPD tandem to multiple other detectors would provide even more information
about a species. The FID is an easy add-on as this is just the proposed sensor without the
alkali salt. Another simple change could be the use of several PMTs on an FPD with various
filter combinations, each specific to a certain element (e.g. blue filter for sulfur, green filter
for phosphorus). Research into developing these portable and cost-effective sensors
remains a promising field, and as more of these systems are developed, it would be
interesting to use many detectors in tandem for the identification of multiple analytes.

Furthermore, as more detectors are implemented, detector response ratios between the pairs
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of sensors could be monitored to build a more comprehensive identification profile of

analytes.

Another adaptation could be the introduction of a separation column. This is the
most obvious solution to discriminating sample matrices into their individual components.
Several micro-GC columns have already been developed which would conform to both
size and weight constrictions of the proposed sensor.®®’® However, additional components
like heating, potential carrier gases, and adapting the current sample inlet to work with one

of these microcolumns are all issues that would need to be managed.

Until now, all samples tested were strictly gas-phase analytes (i.e. evaporated liquid
analytes). However, not all airborne samples are present in the gas phase. For example,
aerosols are a suspension of very fine liquid and/or solid particles in an air mixture. The
relevance of this can be exhibited in applications such as pesticides (which are typically
dispersed as liquid aerosols) or smoke from a burning chemical plant. It is unknown if the
flame in the proposed sensor can properly break down and detect samples such as these.
Therefore, a proposed solution is the use of a heating system at the sample inlet to
concentrate and desorb these types of samples to the detector flame. For example, a small
tube filled with an electrically heated mesh could be placed in front of the micro-air pump.
As aerosolized samples come into contact with the heated metal, they could be vaporized
to gas-phase fragments that might be easily detected in the flame. This system could also
theoretically be used as a sample preconcentration technique, where the heated mesh is
turned off, allowing for a build-up of sample on the mesh. The mesh could then be turned

on, rapidly heating and “flashing off” the collected analyte. This would be beneficial for
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trace analysis, where samples too low in concentration could be detected as they come

through the sensor.

Aspirations for this device involve eventual field-testing of the device and,
ultimately, in-situ analysis. Understandably, the device in its current form only includes
essential components for detection. Future direction of the sensor includes adapting it into
a handheld or drone-based system, where the device resembles a “black box.” All
components would be hidden within a single container and the only functional pieces are
an on/off switch and a data readout. The AFID chip currently does not require any major
changes to do this, however, electrical systems would need to be automated and minimized

and a suitable housing to contain and protect all the sensor parts would need to be designed.

5.2.2 Applications

This thesis examined the ability of the AFID sensor to adequately detect
organonitrogen species and demonstrated several real-world applications where it is
beneficial to be able to sense these compounds. However, there are numerous industries
where airborne organonitrogens are present and therefore are many additional applications
that can be explored. As mentioned above, airborne analytes can also refer to ambient solid
or liquid particulate matter. It is unknown how the detector is currently able to respond to
these types of compounds. For instance, cigarette smoke contains many nitrogen-
containing species®, but unlike gaseous analytes tested in this research, the sample matrix
is finely dispersed solid particles. Similarly, the use of fentanyl as a chemical warfare agent

requires it to be disseminated as an aerosol either in its solid powder form or first dissolved
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in a solvent.* It would be interesting to see how the AFID responds to some of these

solid/liquid aerosols and how significantly signals vary in changes to the sample matrix.

Additionally, once the sensor is equipped for in-situ analysis, this opens the door to
several air detection applications. Pipeline leaks, landfill and wastewater odor emissions,
or chemical plant pollution are all applicable areas that require constant monitoring. A
sensor could be placed in a static location to provide continuous detection in these areas.
Similarly, this device could be placed on a drone to minimize human interaction in
hazardous conditions and provide situational detection. For example, chemical transport
spills and use of chemical warfare agents create hostile environments for human analysis.
However, due to the portable nature of the sensor, it can be sent into these areas to assess

risk levels and aid in recovery measures.
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