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Abstract
This thesis describes the development of a sample preconcentrator for enhanced detection of
alkyl nitrates (∑ANs) in ambient air by thermal dissociation cavity ring-down spectroscopy (TDCRDS). The recovery of isopropyl nitrate on Tenax adsorbent was (96±1)% and unaffected by
potential interfering gases such as ozone and nitrogen dioxide. Mixtures of five alkyl nitrates
were also recovered in high yield in dry (99±5)% and in humidified air (92±11)% with relative
humidity of 83%. Results from the first field deployment of the new instrument from the Ozonedepleting Reactions in a Coastal Atmosphere (ORCA) campaign are presented. The ORCA
campaign took place at the Amphitrite Point Observatory on the West coast of Vancouver Island
in Ucluelet, B,C. from July 6-31, 2015. A signal to noise ratio of 16.8 and a limit of detection of
7 pptv were demonstrated in the field. Future applications include measurements of isoprene and
monoterpene nitrates.
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Chapter One: Introduction
1.1 The atmospheric system: Tropospheric chemistry
The troposphere is the lowest atmospheric layer that is in immediate contact with the biosphere
and therefore directly affected by anthropogenic and biogenic emissions from the land and
vegetation. The bulk of this layer is comprised of inert nitrogen (N2, 78%), molecular oxygen
(O2, 21%), and argon (0.93%). The remaining constituents include vastly different and nonubiquitously distributed gases, such as water, carbon dioxide, and volatile organic compounds
(VOCs) which (defined by Health Canada) are hydrocarbons that have boiling points between
50-250 °C.1 Anthropogenic activities such as the combustion of fossil fuels and vehicular
emissions can introduce pollutants that not only perturb the atmospheric chemistry but are also
known to cause specific adverse health effects (e.g., cardiovascular and pulmonary diseases2, 3)
and varying impacts on global climate.4, 5

Nitric oxide (NO) is released from combustion of fossil fuels, biomass burning, lightning and
biogenic sources via anaerobic respiration from bacteria during nitrification and denitrification
processes.6 During the day, NO is oxidized to nitrogen dioxide (NO2) by oxidants such as ozone
(O3). The rapid exchange allows NO and NO2 to achieve a steady state and the two species are
collectively referred to as NOx (=NO+NO2). In the presence of volatile organic compounds and
tropospheric oxidants, NOx is involved in a variety of complex reactions that can result in a
highly non-linear effect on atmospheric chemistry and can lead to varying outcomes that affect
climate. In particular, NOx can catalyze the formation of tropospheric O3, a toxic greenhouse gas
and a source of the primary tropospheric oxidant hydroxyl radicals (OH).7 In presence of VOCs,
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NOx is also involved in the formation of secondary organic aerosols (SOA)8,

9

which have

implications on air quality (visibility),10 health,11 and climate.12, 13

1.2 Nitrogen oxides and the “missing NOy”
The sum of all nitrogen oxides is referred to as total odd nitrogen, or NO y, which includes NOx
and a variety of oxidized nitrogen products (NOz). These additional nitrogen oxides include alkyl
nitrates (RONO2), peroxy nitrates (RO2NO2), nitric acid (HNO3), aerosol nitrate (NO3-),
dinitrogen pentoxide (N2O5), nitrous acid (HONO), nitryl chloride (ClNO2), and peroxynitric
acid (HOONO2),14 all of which can represent sources and/or sinks of NOx, and in return
determine whether a system is in the O3 production or destruction regime.15 Discrepancies
between direct measurements of NOy by conversion to NO and NO2 using a heated molybdenum
(Mo) converter and the sum of indirectly measured components have yielded a deficit of up to ~
30% in the NOy budget, commonly referred to as the “missing NO y”.16-18 The largest disparity
was reported to be in photochemically processed or aged air masses which would contain highly
substituted or multifunctional nitrates.19 Recent studies have increasingly attributed the NO y
deficit to alkyl and multifunctional organic nitrates, which have shown to close the gap at various
sites.20

1.3 Definition and terminology
Specific nomenclature is used to distinguish simple alkyl nitrates of the structural formula
RONO2, hydroxynitrates, and multifunctional nitrates (i.e., dinitrates) from various other types of
organic nitrates. These include peroxynitrates, compounds of the structural type ROONO2
formed form the reaction of RO2 and NO2, and peroxyacyl nitrates, with the structural type
2

RC(O)OONO2.21 The simplest and most abundant peroxyacyl nitrate is peroxyacetyl nitrate
(CH3C(O)OONO2, hereafter PAN).22 PAN and its analogs as well as other associated peroxyacyl
nitrates are collectively categorized as peroxynitrates. Common speciated peroxyacyl nitrates
include peroxypropionyl nitrate (CH3CH2C(O)OONO2, hereafter PPN) and peroxyisobutyryl
nitrate ((CH3)2CHC(O)OONO2, hereafter PiBN).23,

24

Presented in Figure 1.1 are six different

organic nitrates including a simple alkyl nitrate or isopropyl nitrate (a), a hydroxynitrate from
OH oxidation of isoprene (b), and NO3 oxidation of β-pinene yielding a multifunctional
dihydroxy nitrate (c). The three most common peroxyacyl nitrates are also displayed (d-f).

Figure 1.1 Structures of several organic nitrates, including a) isopropyl nitrate (IPN) b) isoprene
hydroxy nitrate (ISOPN) c) multifunctional β-pinene dihydroxy nitrate (DHN). Three peroxyacyl
nitrates including d) PAN, e) PPN, and f) PiBN are also presented.
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Peroxynitrates as well as the peroxyacyl nitrates described above have relatively low (O-N) bond
strength and are significantly less stable than alkyl nitrates.21,

25

Thus, peroxy nitrates are

persistent only in the upper troposphere and high latitudes where temperatures are lower. Even
though these nitrate species can all result from the same initial OH attack on one single VOC
(reaction 1.1) and are all potential sinks of NOx, they are chemically distinct and exhibit different
properties than alkyl nitrates. Due to the significantly different O-N bonding and therefore
chemical properties and reactivity, it is usually too complex and unsuitable to discuss all three
types of organic nitrates simultaneously. For this reason, peroxy nitrates and peroxyacyl nitrates
will not be discussed in detail in this thesis but only assessed for its influence on alkyl nitrate
analysis.

1.4 Alkyl nitrates
Alkyl nitrates with the structural formula RONO2 are trace gases in the atmosphere that originate
from both primary emissions and photochemical production that involves the oxidation of
hydrocarbons (RH) in the presence of nitrogen oxides (NOx= NO+NO2). Their formation is a
radical chain terminating branch in the OH initiated reaction of VOCs (reaction 1.1), which
produces peroxy radicals (RO2, R=H or an organic group) that react with NO (reaction 1.2).21, 26
Formation of stable RONO2 (reaction 1.3a) is only the result of a minor channel after formation
of the energetic adduct RONO2*, whereas the decomposition of the energy rich adduct into
alkoxy radical (RO) and NO2 (reaction 1.3b) is often the dominant reaction pathway.

RH + OH (+O2)  RO2•

(1.1)

RO2• + NO  RONO2*

(1.2)
4

RONO2* (+M)  RONO2

(1.3a)

RONO2*  RO• + NO2

(1.3b)

RONO2 + OH  products

(1.4)

If reaction 1.3a or the production of alkyl nitrates is favored (e.g., if length of the side chain
increases),27 the result is often the production of monofunctional compounds with one nitrate
group (-ONO2) covalently bound to saturated hydrocarbon chains or any organic functional
group (R). These are considered esters of nitric acid and are thermally stable in the gas phase
which can act as temporary sinks of NOx. A general overview of the atmospheric production and
removal of RONO2 is presented in scheme 1.1.
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Scheme 1.1 Simplified representation of the atmospheric production and removal of alkyl
nitrates (RONO2) and the influence on NOx, O3 and SOA formation. Formation of RONO2
(fraction α) is a minor reaction pathway, whereas the major pathway involves reaction of the
generated RO2 with NO to form NO2 (fraction 1- α). Reactions that permanently remove NOx are
shown in red and recycling of NOx is shown in blue.

OH radical or nitrate radical (NO3) initiated oxidation of alkenes result in multifunctional
RONO2, defined as compounds which contain more than one –ONO2 group and/or another
oxygenated functional group (i.e., alcohol or carbonyl).28 Difunctional nitrates (i.e., α- and βhydroxyalkyl nitrates) can also be produced from the reaction of NO3 with alkenes. Although
this production pathway is more prominent at night time due to NO3 being a night-time species,
nocturnal RONO2 yield could reach up to 80%,29 because most of the biogenic volatile organic
compounds (BVOCs) are isoprene or terpenes and are olefinic in nature. These BVOCs are now
estimated to account for almost 90% of all non-methane VOC emissions.30 Composition of alkyl
6

nitrates produced from various pathways is considered to be relatively complex. Distinct
characteristics are based on their functional groups and/or branched or linear moiety.28, 31

Upon formation, RONO2 can be removed by dry deposition, photolysis or OH oxidation which
releases NO2, usually in a more remote area after transported by RONO2 as NOx reservoir. If the
produced RONO2 is of low volatility or easily condenses onto particles, gas-to-particle
partitioning (or formation of particulate RONO2 or pRONO2) will lead to the formation of SOA.
In the particle phase, RONO2 can undergo hydrolysis and subsequently scavenged as HNO3, a
permanent sink of NOx.32 Atmospheric production and removal of alkyl nitrates are discussed in
detail in sections 1.4.1 through 1.4.4.

1.4.1 Sources
Secondary production of alkyl nitrates via reactions (eq.1.1-1.4) contributes the majority of the
alkyl nitrates in the troposphere. However, direct emissions from oceans have been identified to
be a considerable source in remote regions and in the marine boundary layer.33,

34

Primary

emissions of RONO2 from biomass burning,35 diesel fuel combustion and the explosives industry
contribute minimal amount of these species to the atmosphere.36-38

1.4.2 Atmospheric formation processes
Alkyl nitrates are formed in the atmosphere as part of the removal process of alkanes; during
which a reaction with OH radicals would lead to the formation of alkyl peroxy (RO2) radicals,
which in the presence of NO forms the alkoxy radical (RO) or an alkyl nitrate RONO2 (reaction
1-1.3a). For larger RO2 radicals in particular, the reaction pathway which leads to the formation
7

of RONO2 becomes more important.39-41 RONO2 formation via atmospheric oxidation of organic
compounds (i.e., VOCs) initiated by OH (reaction 1-3a) is considered a secondary process, and
typically associated with a branching ratio (α) that is determined by the rate constant (k) for the
respective reaction pathways as described by equations 1.3a and 1.3b.

(1.5)

The branching ratio increases with the size of the parent alkyl group or with the number of
carbon in the parent backbone and has a negative temperature and positive pressure
dependence.25 This has also been demonstrated in various laboratory studies which involved the
experimental production of alkyl nitrates following the atmospheric formation mechanism, based
on the photolysis of n-alkane mixtures (in zero air) in presence of NOx at atmospherically
relevant temperature and pressures.39, 41, 42

1.4.3 Biogenic sources
Oceans have been confirmed as a primary source of light alkyl nitrates (≤ C5) by aircraft and ship
borne measurements, which showed supersaturation of alkyl nitrates (C1-C3) in tropical surface
waters.31, 33, 43-45 The majority of these were identified as methyl (C1) and ethyl (C2) nitrate which
were found to account for 20–40%

19, 46, 47

of total RONO2 (ΣANs) in the atmosphere above

marine sources. As the branching ratio for the reaction of methyl peroxy radical (CH3OO + NO
 CH3ONO2) is small (0.5%)48 and the reaction of methoxy radical with NO2 (CH3O + NO2 
CH3ONO2)is insignificant in most regions of the troposphere, atmospheric production cannot
account for the observed high ambient concentrations of methyl nitrate. An extensive set of
8

tropospheric measurements collected over the tropical Pacific Ocean showed a mixing ratio of
~50 parts per trillion (ppt) for methyl nitrate associated with high nutrient and low chlorophyll
which is characteristic of equatorial Pacific waters.49 Ethyl nitrate (up to 12 pptv), 2-propyl
nitrate (up to 5 pptv), 2-butyl nitrate (up to 4 pptv) were also detected in considerable (4-12 pptv)
amounts from the marine atmosphere in the Northern Hemisphere49 compared to what is
typically found in continental atmosphere (< 1 pptv).50 Saturation behavior exhibited anomalies
of up to 800% for ethyl and methyl nitrate in the Atlantic Ocean have been reported by Chuck et
al.51 and up to 2000% of C1-C3 alkyl nitrates in the Pacific Ocean44 are clear indications of the
contribution to atmospheric levels of these species from the ocean. In such regions, the sum of
alkyl nitrates or ΣANs can account up to 80% of NOy.52

1.4.4 Sinks and lifetime
Most alkyl nitrates are thermally stable at tropospherically relevant temperatures and exhibit a
lifetime of several days to months in the troposphere, depending on the alkyl chain length. 53, 54
Temporal evolution of RONO2 varies due to different production and destruction mechanisms at
different spatial locations. The main removal mechanisms of alkyl nitrates from the atmosphere
are deposition to the Earth’s surface, reaction with OH, and photolysis.21 It has been found
recently that dry deposition is a removal mechanism which supplies nutrient to forest
environments in the form of nitrogen (e.g., NH4+ and NO3-).55 Additionally, uptake of RONO2 by
foliage or plant matter is another form of dry deposition which increases carbon uptake56 and
therefore aid ecosystem productivity.57 The velocity of this dry deposition has not been studied
in detail, but estimates have been provided by Hertel et al.58 and Russo et al.19
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Henry’s law constants measured by Kames and Schurarth59 as well as Luke et al60 showed that
low solubility monofunctional and difunctional alkyl nitrates are removed by photochemical
mechanisms rather than by aqueous removal.60,

61

Photolysis (at wavelengths < 340nm) and

reaction with OH are competing RONO2 removal mechanisms, and the likelihood for each may
have spatial and temporal dependence.27 Accounting for seasonal and altitude dependence, the
lifetime of alkyl nitrates due to these two main removal pathways is determined to range from
hours in the summer tropics to approximately weeks and months during polar winters. While
photolysis (cleavage of O-N bond) dominates the removal of short chain alkyl nitrates (C1-C4)6163

producing an alkoxy radical (RO) and NO2, OH oxidation becomes more important with

increasing carbon number.53, 54

Photolysis rates can be computed provided that the associated absorption cross sections and
quantum yields are available.60 However, absorption cross sections of RONO2 are not well
known. O3 initiated oxidation is another viable, despite less significant, removal mechanism.64
However, the chemistry and products of removal by O3 is largely unknown.

Recent studies have also reported loss of particle-phase alkyl nitrates through hydrolysis or
conversion of alkyl nitrates to HNO3 under aqueous conditions.65,

66

This is an elusive

phenomenon that is continuously investigated by the scientific community, and one that is
largely underestimated by models.
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1.5 Implications
While alkyl nitrates may account for a large fraction of the NOy deficit that was first reported by
Fahey et al.14 and Day et al.,20 they also represent a complex array of potential sources and sinks
of NOx. Alkyl nitrates have relatively longer lifetime in comparison with other NO y species, and
are an effective reservoir of NOx such that their concentration directly influences the spatial
distribution of NOx levels which range from parts per billion (ppb) levels in urban areas to parts
per trillion (ppt) in remote locations. Following long range transportation, oxidation of alkyl
nitrates can redistribute NOx from polluted often times to remote regions. This is of particular
concern as alkyl nitrate is a significant component of NOy in forest environments (10-20%) 20, 67
and in remote marine air (20-80%).52, 68 The extension on NOx lifetime consequently affects local
tropospheric O3 production, which is directly suppressed by the chain terminating formation of
alkyl nitrates but also indirectly catalyzed by the NOx released from photolysis or OH oxidation
of alkyl nitrates.

By influencing NOx and O3, alkyl nitrates could have an indirect effect on the atmospheric
oxidative capacity and by influencing the abundance of OH radicals that are largely responsible
for the oxidative degradation of many pollutants. Additionally, depending on the VOC precursor,
the alkyl nitrate produced may have properties (e.g., low vapor pressure) that encourage gas-toparticle partitioning and the formation of SOA.

1.5.1 Impacts of alkyl nitrates on ozone formation
Ozone is a greenhouse gas, an oxidant, and a toxic air pollutant that is associated with a wide
variety of adverse health effects, particularly due to its contribution to the formation of
11

photochemical smog69. It is also a precursor to OH, the primary oxidant for the removal of
pollutant gases in the atmosphere. Formation of O3 in the troposphere requires photolysis of NO2
(λ<420 nm) that yields NO and a ground state O atom that recombines with molecular O2. The
produced O3 is rapidly consumed to oxidize NO to NO2 to reinitiate a cycle that is known as the
photostationary state (reaction 1.6-1.8).

NO2 + hv  NO + O(3P)

(1.6)

O(3P) + O2(+M)  O3

(1.7)

NO + O3  NO2 + O2

(1.8)

Perturbation of this photostationary state and therefore a net gain in O3 in the troposphere is
achieved through oxidation of NO to NO2 by alkoxyl (RO•) and by peroxy (HO2) radicals
(reaction 1.9). These radicals are produced as a result of OH induced attack on VOCs that could
lead to the formation of RONO2 (reaction 1.1-1.4).
HO2 + NO  OH + NO2

(1.9)

In other words, formation of alkyl nitrates involving the consumption of a HO x and NOx
molecule directly suppress a net gain in tropospheric O3 by terminating the OH-initiated chain
propagation reaction.

1.5.2 Impacts of alkyl nitrates on secondary organic aerosol formation
Major classes of SOA precursors include volatile and semivolatile alkanes and alkenes, typically
biogenic in origin (e.g., isoprene and other monoterpenes). Alkyl nitrates typically have lower
12

vapor pressures than their precursor and hence partition from the gas phase into the aerosol
phase.27 This can affect climate by absorbing and scattering incoming solar radiation, reducing
the visibility through the formation of haze, and inflict harm on human health due to the
deposition of small respirable particulates in the human lung.70

Oxidants that drive SOA formation in the atmosphere are OH, O3, and NO3. During the night,
NOx is converted into NO3 and N2O5. NO3 is capable of night-time oxidation of VOCs into first
and eventually second generation multifunctional alkyl nitrates that are of low vapor pressure. To
date, studies have shown substantial fractions of total aerosol mass attributed to organic nitrates,
particularly large multifunctional alkyl nitrates derived from terpenes.71-74

1.6 Alkyl nitrate measurement techniques
The detection of atmospherically relevant organic nitrates in chamber experiments was first
achieved with infrared (IR) spectroscopy, which also simultaneously detected alkyl nitrite,
aldehyde, and peroxyacid from a reaction of NO2 and organic compounds in air.75 Tuazon and
Atkinson

76

also measured total organic nitrate formed from isoprene using FTIR and

demonstrated this method does not necessarily qualify for the low detection limits (ppt) that may
be required for ambient measurements.25 To date, analytical techniques can be categorized for
speciated alkyl nitrates or RONO2 detection and for total alkyl nitrates or ∑ANs measurement.
Techniques that can achieve speciation include gas chromatography (GC),16 high performance
liquid chromatography (HPLC),31 and mass spectrometry (MS) coupled with chromatography
(i.e., GC-MS).39 An array of thermal dissociation (TD) techniques such as thermal dissociation
laser induced fluorescence (TD-LIF),77-80 thermal dissociation chemiluminescence (TD-CL),48, 81,
13
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thermal dissociation cavity attenuated phase shift spectroscopy (TD-CAPS),83, 84 and thermal

dissociation cavity ring-down spectroscopy (TD-CRDS)85-87 have been developed for the
measurement of ∑ANs.

1.6.1 Gas chromatography
Gas chromatography used in conjunction with an electron capture detector (ECD) is the most
common analytical technique for laboratory as well as for ambient measurements of RONO 2.
Gas chromatography (GC) coupled with ECD 16, 88, 89 or flame ionization detector (GC-FID) 41, 42,
90

is a conventional analytical technique for the measurement of RONO2. After separation of gas

analytes using a column, the ECD detects individual RONO2 with exceptional limits of detection
(LOD <1 ppt) 91 due to its high sensitivity for the nitro group (-ONO2). There exists an extensive
list of literature which report successful ambient measurements using GC-ECD,

31, 88, 89, 91, 92

including the very first ambient measurements of RONO2 (>C3) by Atlas (1988)16 in which 0.837 pptv alkyl nitrates was detected in the remote Pacific atmosphere, which led to postulations of
alkyl nitrates accounting for a significant fraction of NOy particularly in the marine troposphere.
Quantification of alkyl nitrates using GC techniques can be achieved through direct on-online
sampling or offline sampling of filters which were used to collect the alkyl nitrates.89, 93

Since GC techniques rely on the alkyl group of each RONO2 species, ECD and FID detectors
respond differently to different RONO2 or types of nitrates. Calibration and response factors are
difficult to achieve due to the lack of standards currently available, especially for different
isomers produced in the process of RONO2 formation.
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1.6.2 Thermal dissociation techniques
Thermal dissociation (TD) techniques (TD-LIF,77-79 TD-CL,48,

81, 82

TD-CAPS,83,

84

and TD-

CRDS85, 94, 95) are different from chromatography or mass spectrometry as they are insensitive to
the alkyl group or the structure of R but rather rely on the dissociation of NOy compounds into
NO2. Instead of measuring individual RONO2 species, TD based techniques detect the labile
NO2 functionality and therefore provide measurement of ΣANs or molecules with R-ONO2
bonding including multifunctional nitrates such as dinitrates and hydroxynitrates.20 For alkyl
nitrates, the thermal dissociation results in the fragments of NO2 and an RO radical.

RONO2

RO + NO2

(1.10)

NO2 is then detected by LIF,77, 79 CL,48, 82 CAPS83 or CRDS.85, 94 Overall, TD techniques are
suggested to be highly sensitive and advantageous for alkyl nitrate budget measurements. This is
especially true for speciation techniques that may not be able to quantify all the individual
species that exist in low abundances.

The two main components of these TD instruments include the heated inlet(s) and an NO2
detector. The assumption that all RONO2 dissociate at approximately the same temperature has
been proven by previous studies.77,

96-98

Species that have shown to interfere with ΣANs

observations include nitryl chloride (ClNO2),

99

an important NOx reservoir species that is

nocturnally produced from N2O5 on chlorine containing aerosols. Additionally, as described by
Day et al.

20

for TD-LIF, which is capable of simultaneous measurements of nitrogen dioxide

(NO2), total peroxy nitrate (ΣPN), total alkyl nitrate (ΣAN), and nitric acid (HNO3), there is a
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complication with the early dissociation of HNO3 (≤ 2%) at the temperature where ΣANs
dissociate, contributing to another aspect of positive interference.

For instruments that detect multiple species, the mixing ratio of each NOy species may be
determined as the difference in NO2 detected from adjacent channels, i.e., mixing ratios of ΣANs
would be computed from a simple subtraction of the ambient channel (NO2) and heated ΣPNs
channel. Since the development of TD-LIF by Day et al.,77 novel improvements have been made
by Paul et al.85, 95 and Di Carlo et al.,100 which enabled simultaneous measurements of additional
species (N2O5) with a time resolution of up to 0.1 second. The same group also identified a
possible interference that could arise from recombination products from thermal dissociation
which showed negligible effects on ΣANs measurements.

1.6.2.1 TD-CRDS
Cavity ring-down spectroscopy (CRDS) is an absolute measurement technique applicable for
detection and quantification of trace gases, with measurements in the ppbv to pptv range. This
technique was first introduced in 1988, by O’Keefe and Deacon,101 and has been discussed in
detailed reviews.102, 103 The technique is based on the rate of light absorption in a high finesse
cavity that is sealed with two highly reflective mirrors at both ends. The high sensitivity of this
technique (with limit of detection in the range of tens of pptv87) stems from these highly
reflective mirrors which are used to enhance the pathlength (up to 100s of km) at which the light
traverses.
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The principle of operation is based on direct absorption spectroscopy. In brief, decay of light
when the light source is turned off is attributed to Rayleigh scattering of gases and from mirror
transmission. Mie scattering is usually not of concern as most aerosols in the sample stream
would be effectively removed by a filter at the inlet. This exponential decay of light is
independent of the initial laser intensity, and is accelerated or reduced in the presence of an
absorbing species such as NO2. The concentration of the absorbing species can be determined
based on a comparison of the time constant measured with (τ) and without (τo) the absorbing
species.

1.7 Sample preconcentration
Preconcentration using an adsorbent material is usually required for GC for enhanced sampling
performance, particularly due to low concentrations found in ambient air. Traditionally, charcoal
tubes16 have been used, on which alkyl nitrates showed satisfactory absorption, which improved
limits of detection compared to direct injection.28 More recently, an apparent transition from
charcoal to Tenax is observed with the latter representing the most popular sorbent for thermal
desorption of C1-C15 RONO2 and C1-C8 alkyl di-nitrates.104 Tenax (TA 60/08) is chemically
identified as poly(2,6-diphenyl-p-phenylene oxide), a polymer that can operate with a maximum
desorption temperature of 350 °C to achieve exceptional retention of a wide variety of organic
compounds and for allowing significantly improved LOD.105 Tenax is most often employed for
laboratory and ambient measurements of RONO2 using GC.25, 31, 92, 106-109 Cryogenic traps using
liquid nitrogen have also been used for sampling atmospheric hydroxynitates but this technique
was found to interfere with product solubility.110
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1.8 Thesis motivation
1.8.1 Historic overview of field measurements of alkyl nitrates
To date, reported field measurements of specific (typically short chain) or sum of specific alkyl
nitrates (∑RONO2) are common, whereas measurements of total or sum of alkyl nitrates (∑ANs)
have only recently become a routine measurement, with observations reported for a limited
number of sites. The sum of specific alkyl nitrates detected from polluted cities near Beijing111
shown in Figure 1.2 may differ significantly if ∑ANs were detected at those regions, for a total
measurement technique may account for all other alkyl nitrate species produced from different
alkane and alkene precursors. In remote or forested regions such as the site chosen in Kinterbish,
Alabama where only six alkyl nitrates (C2-C5) were measured by Bertman et al,28 a ∑ANs
measurement will be much more comprehensive in understanding alkyl nitrates that are derived
from isoprene and other biogenic monoterpenes. From marine sources such as those described by
Atlas in the North Pacific Ocean and Mauna Loa studies,112 ∑RONO2 is also limited by the GC
techniques which may not provide an inclusive understanding of oceans as a source of alkyl
nitrates, which can also include C1-C2 alkyl nitrates. GC methods are also limited by low time
resolution and poor ability to detect structurally diverse (isomeric) alkyl nitrates which exist in
extremely low abundances (sub pptv). The spatial variation in ∑RONO2 observed in different
rural environments (described elsewhere) such as Egbert,93 Poker Flats,113 Chebogue point,114
and Santa Cruz92 may also compromise the comparability of observations. This can be
compensated by a ∑ANs measurement, such as TD-CRDS which captures the entire category of
compounds.
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Figure 1.2 Alkyl nitrate measurements from previous field campaigns, which used techniques
such as GC/ECD and/or chemiluminescence for detection. Each bar represents the sum of short
chain alkyl nitrates (denoted by the number of carbon in the backbone) at specific field locations.
Measurements for each site is referenced elsewhere: North Pacific Ocean (Apr-Jul),16 Mauna
Loa (May-Jun),112 Egbert (Mar-Apr),

93

Kinterbish (May-Jun),28 Poker Flats (Mar-May),113

Chebogue (Aug-Sept),114 Santa Cruz (Aug),92 and Beijing (Jul-Sept).111

While measurements conducted in polluted regions are reported with mixing ratios up to tens of
ppbv,115, 116 alkyl nitrates can exist in minimal abundances (pptv) in remote regions.16 As such, a
TD technique coupled to preconcentration is desired, or necessary, to achieve enhanced detection
of the alkyl nitrates that are in low abundances. Particularly for remote marine environments as
described in the study by Atlas16 who reported the first ambient detection of alkyl nitrates, only
10 pptv of C3 and C4 alkyl nitrates were detected above the Pacific Ocean. Enhanced detection
by preconcentration may facilitate measurements of alkyl nitrates in such low mixing ratios. The
19

increased signal to noise ratio (S/N) can in turn improve the limit of detection (LOD) and
quantification (LOQ), which is currently estimated at a threshold that may be well above the
range of alkyl nitrates measured in non-urban environments (Figure 1.2). This limiting factor
may be resolved using TD-CRDS with preconcentration.

1.9 Thesis overview
This thesis aims to improve the measurement of alkyl nitrates by TD-CRDS through the
development of purge-and-trap sample preconcentrator to improve LOD and LOQ. Currently,
without preconcentration, the (1s, 1σ) precision under more favorable laboratory conditions was
reported as 60 pptv,85 which translates as limits of detection and quantification of 180 and 600
pptv, respectively. The current LOQ is therefore well above the typical ambient alkyl nitrate
mixing ratios. Improving the sensitivity is particularly important for remote atmospheres where
alkyl nitrates exist in low abundance (at tens of pptv). Additionally, TD-CRDS is explored for it
may be a more suitable technique to overcome the limitations of GC techniques, namely poor
time resolution and difficulty in quantifying structurally diverse alkyl nitrates that are in low
abundance. The investigation of preconcentration methods coupled with TD-CRDS is merited to
allow for enhanced detection and quantification of alkyl nitrates, especially in remote
environments such as those formed in Western Canada.

The thesis is organized to describe the development and evaluation of a purge-and-trap method
based on coupling a multi-channel cavity ring-down spectrometer (CRDS) to either a stainless
steel or quartz preconcentration unit for measurement of alkyl nitrates (ΣANs). In chapter 2, the
experimental setup of the CRDS, details of the instrumentation, as well as synthesis of the alkyl
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nitrate standards used in laboratory experiments are described. In chapter 3, the performance of
stainless steel pre-concentration unit coupled to TD-CRDS in a purge and trap method for ΣANs
measurements is examined. Potential interference by peroxyacyl nitrates, O3 and NO2 on alkyl
nitrate recovery from the Tenax preconcentration unit will be discussed. Chapter 4 includes a
detailed evaluation of a preparatory GC column used for separation of alkyl nitrates from a
mixture prior to purge-and-trap analysis, using a quartz pre-concentration unit. Humidity effects
and total recovery of alkyl nitrates from a mixture will be assessed. Ambient alkyl nitrates
measurement and data are presented in chapter 5, which also outlines the first field deployment
of TD-CRDS coupled with pre-concentration in the Ozone-depleting Reactions in a Coastal
Atmosphere (ORCA) campaign which took place at the Amphitrite Point Observatory in
Ucluelet on the West coast of Vancouver Island. Concluding remarks and future outlook are
presented as the final chapter of this thesis.
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Chapter Two: Methods: Instrumentation and synthesis of alkyl nitrates
2.1 Thermal Dissociation-Cavity Ring Down Spectroscopy (TD-CRDS)
For the experiments described in this thesis, a four channel cavity-ring-down spectrometer
(CRDS) was used for quantification of NO2, NOx, total peroxy nitrates (∑PNs), and total alkyl
nitrates (∑ANs).117 Thermal dissociation (TD) of ∑ANs and ∑PNs into NO2 and companion
radicals were achieved with two quartz tubes resistively heated to 400 oC and 210 oC,
respectively. As mentioned in section 1.6.2.1, the decay rate of light intensity in a stable optical
resonator is measured and presented as ring down time constants. Gas-phase optical absorbers
are quantified by their faster ring-down decay relative to time constants measured when the
absorbers are removed (e.g., by sampling scrubbed or zero air).118 This approach is advantageous
as the measurement is also independent of laser output variability, a common limitation to laser
absorption methods.119

2.1.1 CRDS experimental setup
The main instrumentation includes a light source, an optical cavity sealed with two highly
reflective mirrors (R > 99.9998 %)85 at both ends and a detector, typically a photomultiplier tube
(PMT). The instrument used for this thesis was built by Paul and Osthoff85 and included six
channels, four of which coupled to 405 nm blue diode laser for measurement of NO2, NOx,
∑PNs, and ∑ANs, and two cavities coupled to a 662 nm red diode laser for measurement of NO3
and N2O5.94 However, as the main studies described in this thesis have a primary focus on alkyl
nitrates or ∑ANs, only the blue diode laser (four channel) CRDS data was used. The critical
components of the experimental setup are described in this section and a general schematic
presented in Figure 2.1.
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Figure 2.1 Schematic of the four channel CRDS.94 BS=beam splitter; MFC=mass flow
controller; PT=pressure transducer; PMT=photomultiplier tube. A and B denote TD converters
for thermal dissociation of ∑PNs and ∑ANs.

The cavity ring-down spectrometer for the work presented in this thesis is operated with a
continuous wave (CW) laser source. A wavelength of 405 nm was chosen for measurement of
NO2 for that is the wavelength that would be minimally affected by interference from co-existing
species such as O3 and water.95 The output of this blue diode laser (Power Technologies) is
amplitude modulated on and off by a function generator (Stanford Research Systems DS335) at
0.5 Vpp (volts peak to peak) amplitude and 0.5 Vpp offset at a frequency of 1 kHz such that a
square-wave voltage signal can be achieved. The modulated output is propagated through an
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optical isolator to reduce back reflection or optical feedback which would be damaging to the
diode laser, then passed through an iris (Thorlabs) and directly coupled into the CRDS cavities
through the use of a beamsplitter and turning mirrors.

The highly reflective mirrors (Advanced Thin Films, R = 99.9998%,85 2.54 cm in diameter85)
used to seal the optical cavity is what allows the CRDS to be a sensitive technique. Increased
reflectivity not only enhances the pathlength through which light traverse but also allows for
detection of smaller differences between the ring-down time constants, since background decay
time increases with mirror reflectivity.120 Light escaping the cavities upon each reflection is
detected by a PMT (Hamamatsu). Four pairs of mirrors and four PMT detectors were employed
for the operation of the four-channel CRDS.

A common inlet constructed with 1/4’’ outer diameter (O.D.) and 3/16’’ inner diameter (I.D.)
perfluoroalkoxy (PFA) Teflon lines and fittings are used for sampling before the gas stream is
split into each of the four optical cavities for detection of NO2, NOx, ∑PNs, and ∑ANs. A
restriction constructed by manual stretching of a piece of short Teflon tubing was necessary to
reduce the sample flow into the cavities and to maintain a lower pressure and therefore, shortens
residence time and lower detection limit within the cavities. The sample stream after the flow
restrictor passes through a filter holder that houses a (usually) 2µm pore size Teflon membrane
filter (Pall R2PJ047) that is also required to remove aerosol and particles (susceptible to
Rayleigh or Mie scattering) that may interfere with the extinction of light within the optical
cavities.

24

Each of the four optical cavities is constructed with fluorinated ethylene propylene (FEP) tubing
(3/8’’ O.D.) housed in an insulated cavity while constantly maintained at a specified temperature
using silicone heaters (Watlow) (50 oC for the NOx, ∑PNs, and ∑ANs channels and ambient
temperatures (~27 °C) for the NO2 channel). Maintaining the ring down cells at an elevated
temperature prevents radical recombination or wall loss interactions that would result in loss of
signal. Temperature control is achieved with a set of programmable controllers (OMEGA
CNi32) with input from K-type thermocouples that are attached to the aluminum casing used to
insulate each of the four channels. Sample gas stream is drawn through the system with the use
of an oil-free diaphragm vacuum pump (KNF Neuberger) and the pressure and flow for each
channel monitored and controlled by a pressure transducer (OMEGA PX419-015A5V) and a 100
standard-cubic-centimeter-per-minute (sccm) mass flow controller (MKS). The typical sample
intake through each of the four channels is approximately ~0.75 standard-liters-per-minute
(slpm) which translates to an internal pressure of ~ 490 Torr. To prevent condensation on the
mirror surfaces, a small volume adjacent to the mirrors (shown in Figure 2.1) within the optical
cavity is dedicated to a flow of clean and dry purge gas. The purge flow for the four channels is
approximately ~0.04 slpm.

2.1.2 Thermal dissociation of ∑PNs and ∑ANs
For peroxy nitrates and alkyl nitrates that require thermal dissociation into a common measurable
product (NO2) that can then be detected by CRDS, a heated quartz section is installed prior to the
designated ring-down cell and serve as a heated inlet for these channels.85,

95

The quartz

converter or thermal dissociation (TD) cell is heated to 210 oC to dissociate ∑PN and 400 oC to
dissociate ΣANs. The resulting mixture would then include NO2+∑PNs in the ∑PNs channel
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following dissociation at 210 oC and NO2+∑PNs+∑ANs in the ∑ANs channel following
dissociation at 400 oC. To quantify the concentration of ΣPNs, the NO2 channel must be
subtracted from the ∑PNs (or 210 oC) channel and the quantification of ANs is the difference
between the ΣPNs channel and the ANs (or 400 oC) channel.85 For convenience, the four
channels are colour coded (Table 2.1) for easier recognition when data is presented throughout
the remainder of this thesis.

Table 2.1 Colour coding of the four CRDS channels.
Channels

Colour

ΣANs+ ΣPNs+ NO2

Ash

ΣPNs+ NO2

Purple

NOx

Orange

NO2

Green

In Figure 2.2, a TD curve showing both simulated and observed ∑PNs and ∑ANs signals
indicates full dissociation of ΣPNs into NO2 at 210 oC and ANs into NO2 at 400 oC. Simulation
shown in the red trace is computed using the following equation as reported by Paul et al. 85 The
terms in the equation include [NO2]t which is the concentration of NO2 from the thermal
dissociation at residence time t, the initial NO2 concentration [NO2]0, the initial concentration of
the alkyl nitrate [X]0, two Arrhenius parameters (A and Ea) as outlined in Table 2.2, temperature
T and the universal gas constant R (8.314 J mol-1 K-1).

[NO2]t = [X]0

{1-exp[-A

exp(-Ea/RT)

t]} + [NO2]0

(2.1)
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Table 2.2 Arrhenius parameters (A: frequency factor and Ea: activation energy) for thermal
dissociation of PAN, PPN and IPN
Organic Nitrate

A

Ea

Reference

(1016 s-1)

(kJ/mol)

CH3C(O)O2NO2 (PAN)

2.50

113 ± 2

Bridier et al121

CH3CH2C(O)OONO2, (PPN)

7.20

116 ± 2

Kirchner et al97

(CH3)2CHONO2 (IPN)

325

180 ± 13

Griffiths et al122

Figure 2.2 Thermal dissociation curve of ΣANs at 210 oC and 400 oC. An initial 2.4 ppbv of
NO2 is increased upon dissociation of PAN at approximately 170 oC and even further increased
by dissociation of 13.3 ppbv of alkyl nitrates starting at 320 oC.
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Although the simulation assumed a residence time of 2.5 ms, the flow dynamics within the TD
cell can also create a temperature gradient that the thermal dissociation and therefore the
residence time may be sensitive to. At the true residence time which is expected to be higher than
the assumed value for the simulation, one can be assured of the complete dissociation of alkyl
nitrates, which have a lifetime of approximately 1 ms at 400 oC.123 Based on the same
dissociation kinetics where the rate coefficient is k=1x1016exp-20300/T, the lifetime of alkyl
nitrates in the ΣPNs channel is 179 s, affirmation that dissociation of alkyl nitrates at 210 oC is
negligible.

2.1.3 Principle of operation
The principle of operation is based on optical extinction of light within a closed cavity. The
interpretation of the CRDS operating principles is described in full detail by Lehmann et al.,118
including the derivation of the NO2 concentration based on the optical extinction. To summarize
briefly, the derivation results in an equation (2.2) to calculate number density (N) for a single
optical absorber with a specific absorption cross section (σ), from the decay time constants (τ)
relative to a background decay time constant without an absorber (τ0).

(2.2)

A correction factor (RL) is needed to account for the fraction of the CRDS that is occupied by
sample gas, as a small fraction of the cavity is dedicated to an addition of purge gas and should
not be considered as sample path.
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2.1.4 Conversion to mixing ratios
Applying equation 2.2 and given a known absorption cross section (σν), the number density of
NO2 can be determined from the comparison between measurable ring down time constants with
(τ) and without (τ0) the absorbing species. The correction factor RL shown in equation 2.2 is
determined from calculations based on the dimensions of the ring down cell performed by
previous graduate students and calibrations, and found to differ for each of the four channels.
The RL values were 1.039 for the ash channel, 1.022 for the purple channel, 1.030 for the green,
and 1.040 for the orange channel, respectively. Raw data from the ring-down time constants are
converted and reduced into quantitative mixing ratios using σ = 6.1 × 10-19 cm2 molecule-1
(previously determined by Paul and Osthoff.95) in Igor Pro, a WaveMetrics graphing and data
analysis software.

2.1.5 Zeroing
Concentration measurements by CRDS are based on the difference between a ring down time
constant in the presence (τ) and absence (τ0) of the absorbing species. The CRDS zeroing was
automated (in LabVIEW) by overflowing the inlet either with dry ultra-pure zero air from a gas
cylinder (Praxair) or ambient air that was scrubbed through a series of cartridges containing
charcoal and Purafil® sorbent (potassium permanganate) which removes O3, NOx, and VOCs.
Figure 2.3 shows sample τ0 data which are summarized in Table 2.3 for the four channels when
zero air sources alternated between cylinder (21:54-22:00, 22:08-22:12) and generator (21:4821.51, 22:02-22:05, and 22:14-22:18). Values of ring down time constants obtained using the
cylinder and generator did not differ significantly.
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Figure 2.3 Delivery of zero air to a system sampling 6.5 ppmv high NO (from 100.2 ppmv NO
source (Scott-Marrin). a) Raw data recorded as ring down time constants are converted into b)
NO2 mixing ratios to show effective zeroing is achieved as demonstrated in the (gray) shaded
region where τ0 measurements are obtained.

Table 2.3 Ring down time constants or τ0 ± 1σ (µs) using different sources of zero air
determined from averaging of varying number of points (n).
Channels

ZA Generator

ZA Cylinder

ZA Generator

ZA Cylinder

ZA Generator

n

443

514

468

513

512

ΣANs

55.98 ± 0.13

55.91 ± 0.14

55.98 ± 0.13

55.88 ± 0.14

55.96 ± 0.14

ΣPNs

58.14 ± 0.10

58.10 ± 0.09

58.16 ± 0.09

58.09 ± 0.09

58.19 ± 0.09

NOx

53.29 ± 0.14

53.28 ± 0.15

53.35 ± 0.15

53.33 ± 0.16

53.55 ± 0.16

NO2

53.91 ± 0.09

53.72 ± 0.09

53.82 ± 0.09

53.51 ± 0.09

53.63 ± 0.09
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2.1.6 Calibration
Calibration of NOx to evaluate the four channel CRDS can be achieved by O3 titration of NO into
NO2 that is measured by Thermo analyzers operated in parallel. Extensive calibration and
performance evaluations have been conducted by previous group members.94,

95

Regular

calibration of the CRDS is common practice on field campaigns as will be discussed in chapter
5. In brief, a calibrated MFC is used to deliver NO in N2 from a certified cylinder (1.9608 ppmv
or 100.2 ppmv Scott-Marrin) at a set flow rate which is subsequently combined with 20.0
standard-cubic-centimeters-per-minute of O2 that is partially converted to O3 upon exposure to a
mercury (Hg) pen ray lamp. The amount of O3 generated can be varied based on the adjustable
length over which the gas stream is irradiated. The expected NO based on the output from the
cylinder source can be computed based on the NO set flows and the total flow after dilution by
zero air. For a 5V MFC with a maximum discharge of 100 sccm, the [NO] (ppbv) expected can
be determined using the following equation.

(2.3)

2.2 Alkyl nitrate measurement using Gas Chromatography
A gas chromatograph (GC) coupled to an electron capture detector (HP 5890) was also used as a
reference measurement technique, as it is able to speciate individual alkyl nitrates. This is a
custom GC previously assembled with a linear Tenax trap constructed from 1/16’’ (O.D.)
stainless steel tubing by Matthew T. Saowapon following Ostling et al.106 The GC is equipped
with a 60 m (0.32 mm I.D., 1 µm film thickness) fused silica capillary column (RTX 1701)
initially held at 38 oC then temperature programmed to a final temperature of 180 oC with ramp
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of 24 oC per min. The detector used is a 63Ni electron capture detector (ECD), heated to 250 oC.
The carrier gas and make up gas were He and N2. The flow rates were 5 ml/min for He and 60
ml/min for N2, respectively.

2.3 Alkyl nitrate sample delivery
Delivery of alkyl nitrate is achieved with a flow of zero air as carrier gas, either through a glass
trap containing liquid sample or through a diffusion source. For this work, a diffusion source
containing isopropyl nitrate within a Teflon permeation tube was used. The diffusion source was
heated using a silicone rubber heater (Watlow) to ensure even distribution of thermal control.
This is necessary for enhancing the ECD signal, as shown below in Figure 2.4.

Figure 2.4 Sample delivery of IPN from diffusion source to GC-ECD.
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Figure 2.5 Chromatograms of IPN from diffusion source at various flow and temperature.

Automated injection of IPN was controlled using LabVIEW program which was the software
responsible for data acquisition. For enhanced detection, a linear stainless steel tube (grade 316)
filled with Tenax TA adsorbent (constructed by undergraduate student Matthew T. Saowapon)
was used as a preconcentration unit that was heated to 180 °C for thermal desorption of alkyl
nitrates onto the 60 m capillary column. Conversion of GC peak areas into concentration is
performed with IGOR and associated peak fitting functions.

2.4 Synthesis of alkyl nitrates
To date, very few alkyl nitrates are commercially available, such that the synthesis of high purity
alkyl nitrate standards is required. Simple alkyl nitrates have been prepared from the nitration of
alcohols,124 by nitrate substitution of alkyl bromides,48, 110 and by reaction of alkyl bromide with
silver nitrate.125 These methods for synthesis of alkyl nitrates in the aqueous phase usually
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require extraction and purifications steps for removal of by-products, as described in the section
2.4.1.

Aside from the isopropyl nitrate (IPN) which was obtained from Sigma-Aldrich, all other alkyl
nitrates described in this thesis were synthesized in house. Eight alkyl nitrates were synthesized
by adapting a procedure reported by Kames et al,124 from reaction of dinitrogen pentoxide
(N2O5) with an alcohol.

N2O5 + ROH  RONO2 + HNO3

(2.4)

In brief, three glass traps connected to a Schlenk line as shown in Figure 2.6 were cleaned by
repeated purging using dry zero-air and evacuated under vacuum. Reduced pressures were
achieved upon connection of the Schlenk line to a scroll pump, which allows the system to attain
pressures as low as 10-2 Torr. Sample or waste that was delivered to the pump was directed
through a Nylon filter (Pall 66510) inserted in a Teflon filter holder that was loaded with a small
quantity of sodium bicarbonate salt (Sigma Aldrich). The salt acts as a protecting agent by
ensuring minimal N2O5 and HNO3 pass through such that it would damage the scroll pump. The
pressure of the system was determined by an attached pressure transducer (OMEGA) and pirani
gauge (Adixen AP2004). The three glass traps designated for the alcohol precursor, N2O5, and
for the alkyl nitrate product are shown in Figure 2.6.
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Figure 2.6 Schematic of alkyl nitrate synthesis from an alcohol precursor with N2O5.

Each alcohol (ethanol, 1-butanol, 2-butanol, 1-pentnol, 2-pentanol, 3-pentanol, 1-hexanol, 3methyl-1-butanol) was purchased from Sigma Aldrich. N2O5 was synthesized and collected as a
white crystalline from addition of NO to ozone in a glass trap under dry ice temperature. 126 Prior
to the synthesis of alkyl nitrate, the trap containing N2O5 was evacuated under dry ice
temperature to ensure removal of impurities. The trap was subsequently warmed by removal
from dry ice such that the crystalline product converted into gaseous N2O5. Similarly, the glass
trap containing the alcohol was also cooled by being submerged in liquid nitrogen, and purified
through the freeze thaw method.

Conversion of alcohols into alkyl nitrate was achieved through sequential addition of alcohol and
N2O5 to the designated product glass trap, submerged in liquid nitrogen. Transfer of reactants
was conducted at 273K, starting with the alcohol and followed by N2O5. Both condensed and
froze into the product trap. The amount transferred can be quantitatively monitored by the
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changes in pressure (Torr), displayed as an output on the pressure monitor probe. Full conversion
usually requires a transfer of alcohol and N2O5 in a 2:1 ratio. Once the transfer was complete, the
product trap was closed or detached from the Schlenk line such that it can be placed in an icewater bath. The warming from the previous liquid nitrogen temperature allows effective mixing
of the alcohol and N2O5 reactants, causing the reaction to shift towards completion. Reaction was
usually complete within 30 minutes at which a clear liquid product was obtained.

2.4.1 Extraction, purification, and storage of synthesized alkyl nitrates
As the alkyl nitrate synthesis may be accompanied by production of by-products such as nitric
acid, extraction and purification steps are necessary following the synthesis of each alkyl nitrate.
Removal of nitric acid is particular important as it also thermally dissociate to generate NO2 (at
~600 oC), which may interfere with alkyl nitrate measurement by TD-CRDS. In accordance to
the suggestions by Kames et al.,124 a mixture of tridecane (20-40 ml depending on the product
yield) and water was used for removal of HNO3 and for extraction of simple monofunctional
alkyl nitrates.

More complicated extraction methods would include solvent extraction with methanol through
charcoal traps127, and treatment with acetone and/or pentane.128 Multifunctional nitrates would
require further purification using flash chromatography.

After extraction (and purification as needed), each alkyl nitrate (in tridecane) was stored in
separate vials at freezer temperature (-18 oC). No degradation of product was observed when
stored at this temperature, and the alkyl nitrates have remained stable for more than 18 months.
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Chapter Three: Coupling of a stainless steel Tenax preconcentrator to TD-CRDS for
analysis of alkyl nitrates
3.1 Principle and history of preconcentration of alkyl nitrates
Preconcentration is frequently required when trace gases at low concentrations (ppt levels) are to
be measured. Sample preconcentration is also advantageous when a lower detection limit is
desired, or if sample size for the desired detection limit is not compatible or achievable with the
instrument. Two main approaches for preconcentration of trace gases include collection onto
porous polymeric adsorbents92 and sample trapping that involve cryogenically cooled sample
loops.129

Sample collection and analysis of alkyl nitrate based on preconcentration techniques have been
described in many previous studies,92,

93, 112, 130

all of which emphasize the coupling of

preconcentration to analysis by GC. Preconcentration has not yet been coupled to TD techniques
such as LIF nor CRDS for analysis of ΣANs.

Initial preconcentration techniques have utilized charcoal as the adsorbing material, despite labor
intensive solvent extraction which is often required for sample retrieval.106, 130 Later studies have
shifted to using temperature controlled thermal desorption of alkyl nitrate sampled onto Tenax
preconcentration units,92,

131, 132

which can be electronically actuated and automated. Thermal

desorption is considered more preferable compared to solvent extraction; the latter lowers
sensitivity as the sample is analyzed in a diluted form.133 Particularly for thermal desorption
techniques, charcoal is not an ideal choice of adsorbent due to its high surface activity that makes
it vulnerable to thermal degradation.134 Alternative cryogenic preconcentration systems which
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use liquid nitrogen and subsequent thermal desorption for direct injection of the desorbed sample
onto a GC column have also been proven effective.135 These cryogenic methods have shown to
achieve superior detection limits (1 ppt).48 However, they also have a tendency to collect water
which may be problematic for certain instruments in the analysis stage. Additionally, polymeric
adsorbents such as Tenax and carbon molecular sieves are considered more desirable and
effective preconcentrating techniques for ambient measurements, as it may be challenging to
transport and store cryogenic material during field deployment.

This chapter presents the first measurement of ∑ANs using a TD-CRDS coupled to a Tenax
preconcentration unit. More specifically, alkyl nitrates preconcentrated onto the Tenax trap and
thermally desorbed directly into the TD-CRDS is described. Tenax is a widely employed
adsorbent whose characteristics are well investigated.136 It was chosen for the studies herein as
an ideal adsorbing material for its success with previous GC measurements of alkyl nitrates as
well as due to the wide range of volatile organic compounds it can retain137 and for its excellent
expected recovery of these VOCs (> 99.5%).138 Tenax is chemically a porous organic polymer
synthesized from 2,6-diphenyl-p-phenylene oxide (Figure 3.1) and is commercially available in
different forms (i.e., granules/beads or films) depending on the application. Other exceptional
features that make Tenax preferential for preconcentration include high thermal stability (max
350 °C) and low affinity for water. This ability to trap volatiles with high moisture content allows
for analysis of atmospherically relevant gases that may be present at higher relative humidity
levels. For most air sampling and monitoring, adsorbent tubes are filled with a small amount
(10-30 mg) of the solid adsorbents. The mechanism of adsorption is by weak intermolecular
binding forces that allow facile removal of analyte at elevated temperatures. The high thermal
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stability characteristic of Tenax (max 350 °C) makes it compatible with thermal desorption
techniques, which is the main motivation for coupling a Tenax preconcentration unit to TDCRDS for analysis of alkyl nitrates.

Figure 3.1 Poly(2,6-diphenylphenylene oxide); polymer in Tenax.

3.2 Construction of stainless steel Tenax preconcentration unit
Each preconcentration unit was constructed using ¼’’ (O.D.) stainless steel (Grade 316) tubing
that is manually bent into a U-shape configuration. The dimensions of the preconcentration trap
are depicted in Figure 3.2, where the length of the trap extends 15 cm (5.9’’) from a width of 5
cm (2’’). As these preconcentration units are subject to thermal desorption, they are equipped
with a 0.006’’ (O.D) nichrome wire that is wrapped around the lower portion of the
preconcentration trap for controlled resistive heating. Nichrome is composed of a non-magnetic
alloy of nickel and chromium and is commonly used for electrical heating. For stainless steel
traps, one base layer of Resbond adhesive is required to prevent direct contact of nichrome wire.
The length of the helical coil of nichrome wire wrapped around the stainless steel was measured
by resistance using a multimeter (OMEGA, HHM32). The length was trimmed to a resistance of
approximately 50 Ohms; to ensure rapid heating but at the same time is resistive enough to
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prevent overheating or melting of the wire. For each trap, the wire is coiled around the tubing
repeatedly with tight separation, and in close approximation such that heat can be distributed
evenly along the length covered. After the nichrome wire is firmly wrapped around the
preconcentration trap, a layer of Resbond adhesive is applied to permanently secure the resistive
wire and to maintain the temperature of the preconcentration unit. The Resbond layer is
purchased in powder form from Cotronics (Resbond 919) and can be mixed with water to form a
cement like paste that acts as an excellent thermal insulating conductor. The first layer of
Resbond is applied in a thin coat evenly over the entire length of the trap where the Nichrome
wire is attached, and a second layer coated with the inclusion of a K-type thermocouple
(OMEGA) whose stripped ends are embedded near the lower portion of the preconcentration
unit. Upon connection to a temperature controller (OMEGA CNi32), the feedback from the
thermocouple can be electronically monitored and controlled to regulate the temperature of the
preconcentration unit.

Figure 3.2 Tenax preconcentration unit with dimensions.
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New traps are usually found to release a strong chemical odor upon heating, likely due to the
release of oxidized masonry-related substances from the Resbond adhesive. Therefore,
conditioning the Tenax trap in a fume hood is necessary to minimize odors when the
preconcentration units are in use. Conditioning of the preconcentration unit is important prior to
addition of the Tenax adsorbent, as the adsorbents will degrade when the temperature exceeds
350 °C. However, to eliminate the odor from the Resbond ceramic adhesive, the trap must be
repeatedly heated in the fumehood to over 400 °C.

The short length at the bottom is the only portion that is filled with Tenax adsorbent as the arms
are designed such that rapid cooling can be easily achieved. The preconcentration traps are
typically packed with approximately 0.3 g Tenax TA® adsorbent (Sigma Aldrich, 60/80 mesh),
yielding a total weight of 37-40 g. Each end of the tube is plugged with glass wool which is
necessary for retaining the granular Tenax and preventing outflow or discharge of the adsorbents
into the instrument when operated under flow. The glass wool also prevents contamination of
dust particles that may hinder proper adsorption of sample during preconcentration.

3.2.1 Conditioning of Tenax
Prior to use, each preconcentration unit requires preconditioning to remove residual components
(from manufacturing processes) and moisture under constant flow of an inert gas (He or N2)
while being heated. The inert gas is crucial to ensure oxygen is not permitted into the adsorbent
as such would cause oxidative degradation of the Tenax material.
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The conditioning setup is displayed in Figure 3.3, where the carrier gas (N2) line can be attached
to the trap at one end with a 1/4’’ Teflon fitting and tubing.

Figure 3.3 Setup for preconditioning of a quartz Tenax preconcentration unit.

The conditioning was performed with flowing Helium or high purity (ECD grade) N2 at a flow
rate greater than 20 ml/min, which can be measured at the opposite end that is open to the
atmosphere. Once the inert carrier gas is at the desired flow rate, the temperature is elevated
through attachment of the nichrome wire to a power supply. The set point is usually assigned in
increments of 50 °C to prevent overheating of the Tenax due to tendency of temperature
overshoot, which can be up to 30 °C above the set point. The incremental increase is repeated
until 250 °C, where the temperature is unchanged for 30 minutes before cooling to room
temperature. Continuous flow of the inert gas is maintained until the preconcentration unit has
cooled.
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3.2.2 Operation of Tenax preconcentration unit
The purge and trap method is divided into three stages, and can be completed in as short as five
minutes or up to an hour depending on the purpose of application. The three stages of a
preconcentration cycle includes sampling, desorption, and recovery, each associated with a
different temperature setting to allow for effective adsorption, desorption and re-conditioning for
the next cycle.

3.2.3 Replacement of Tenax preconcentration unit
Each preconcentration unit was operated with regular use up to a period of several months, or
until formation of degradation substances was observed. The degradation products are easily
identified by their brown physical appearance. Upon formation, these products are seen as
condensed substances at the top of the trap.

3.3 Sample delivery
The preconcentration unit is attached to the CRDS as shown in Figure 3.4. While one end of the
preconcentration unit is attached to ¼’’ (O.D.) Teflon tubing with a Teflon tee connector that
directs the sample to the CRDS, the other end of the preconcentration unit is attached to a three
way valve that either allows the carrier gas through to the preconcentration unit during
desorption, or directs the sample to waste. Inert N2 is chosen as the ideal gas to carry desorbed
analyte to the instrument, for it will not lead to undesired oxidation of Tenax at elevated
temperatures.
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Figure 3.4 Schematic of TD-CRDS with preconcentration unit and connection to GC. BS=beam
splitter; PMT=photomultiplier tube; PT=pressure transducer; MFC=mass flow controller.

After sample air has been preconcentrated onto the Tenax adsorbent, the preconcentration trap is
rapidly heated while under flow to facilitate the transfer of desorbed analyte into the TD-CRDS
or GC column. During the desorption stage, the preconcentration trap was heated to 180 °C with
overshoot to 210 °C. For both measurement techniques, only a short piece of Teflon tubing was
used to connect the preconcentration unit to the actual instrument to minimize loss by
condensation. It was important to avoid additional tubing connections or transfer lines that may
result in unnecessary leaks and partial sample loss. A Teflon filter is placed just prior to the
preconcentration trap to remove aerosol and particles that may affect the extinction of light
within the CRDS channels.
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3.4 Preconcentration using purge-and-trap procedure
The sampling or preconcentration stage was completed at ambient temperatures, with zero air as
a carrier gas at a sampling flow of 0.5 slpm whereas desorption is achieved with a flow in the
opposite direction, at a flow rate of 0.5 slpm. Each analysis was typically 15 minutes but can be
shortened or extended using LabVIEWTM, which was used to automate the preconcentration
cycles. The three stages of the preconcentration cycle and the associated temperature ramp
assigned for the Tenax preconcentration trap is shown in Figure 3.5. Typically, the
preconcentration is achieved under ambient temperatures at 25 °C after which the Tenax trap is
rapidly heated to 180 oC during the desorption and allowed to cool back down to 25 oC as the
trap is prepared for the next preconcentration cycle. A miniature fan is located 7 cm away from
the heated portion of the Tenax trap, which is essential for minimizing the time required for the
trap to cool back down to preconcentration temperatures.
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Figure 3.5 a) Observed Tenax trap temperature and b) NO2 mixing ratios in a single
preconcentration cycle through the stages of preconcentration (blue), desorption (red), and
recovery (yellow).

Figure 3.5 shows IPN preconcentration at 21:40. Zero Air was delivered from 21:44:30 for the
entire duration of the desorption stage and partway through the recovery stage. It was necessary
to zero the CRDS frequently with zero air to obtain the ring down constants without an absorber
for comparison with the ring down constants when sample (NO2) is inline.85 The valves are
typically switched to deliver zero air during the desorption such that a proper integration of the
desorption peak and therefore a quantitative measurement is possible.
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3.5 Artifact signal from stainless steel preconcentration unit
The high thermal stability of Tenax enabled repeated use of the trap as it is not susceptible to
thermal deterioration. However, an absorption signal at 405 nm was observed each time when
the stainless steel trap was heated, as shown in Figure 3.6.

Figure 3.6 TD-CRDS time series of IPN preconcentration onto Tenax from stainless steel
preconcentration unit. The background colour indicates the preconcentration (blue), desorption
(red), and recovery (yellow) stages.

When the stainless steel preconcentration unit was heated during the first desorption stages
(Figure 3.7), a reproducible NO2 signal as a second peak following desorption was observed.
NO, which is measured as the difference between the NOx (orange) and NO2 (green) channels
was also observed in the first few desorption events using the stainless steel traps. However, this
effect gradually diminished while the NO2 signal remained. Although continuous heating did
eventually decrease the size of the artifact signal, as long as the stainless steel is heated, a second
peak in the green channel was always observed.
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Figure 3.7 First three desorption events without preconcentration of sample using stainless steel
preconcentration unit after preconditioning with inert N2 at elevated temperatures (250 °C).

3.6 Recovery of isopropyl nitrate (IPN) from diffusion source
The recovery of IPN delivered from a diffusion source was examined using TD-CRDS with
preconcentration, with varying sampling or preconcentration time to investigate the recovery as a
function of concentration. IPN was chosen as it is commercially available, easy to handle, and
relatively abundant in ambient air. The Tenax preconcentration unit was automated using
National Instruments LabVIEWTM to preconcentrate three times per hour with each run totaling
to twenty minutes. Preconcentration times were tested at a minimum of three replicates and
varied from 60 seconds to 840 seconds. The recovery of IPN was determined from the ratio of
the area of the desorption peak to the area of the preconcentration region (01:40-01:49 in Figure
3.6).

The area of desorption and preconcentration regions are computed using the “areaxy” function in
the computer program Igor Pro (WaveMetrics) that employs trapezoidal integration of a signal
(y) between two points chosen on its associated time axis (x). The signal of interest is the
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difference in NO2 between the ΣANs and ΣPNs channel, which represents NO2 from alkyl
nitrates only. The preconcentration region is selected from the start of the preconcentration cycle
as automated by LabVIEWTM, and ends when the desorption begins. The desorption area is
determined using the same function with start and end points selected immediately prior to and
following the desorption peak. This value is treated with a correction factor (see equation 3.1)
that takes into consideration the flows of the CRDS channels (f1 to f4) minus the total purge flow
(fpurge), oxygen flow (foxygen) and the sampling flows of the analyte through the preconcentration
trap into the TD-CRDS (fsampling). The recovery was determined by incorporating the corrected
desorption area into the ratio in equation 3.2.

(3.1)
(3.2)

Table 3.1 Typical flows used in equation 3.1.
Term

Designation

Flow (slpm)

f1

ΣANs channel

0.7482

f2

ΣPNs channel

0.7252

f3

NOx channel

0.7457

f4

NO2 channel

0.7560

fpurge

Mirror purge

0.3866

foxygen

Oxygen

0.0133

fsampling

Preconcentration trap

0.500
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The flows within the channels (f1 ,f2, f3, f4) varied between experiments. The above values show
typical flows under which the TD-CRDS was operated. The second term in equation 3.1 is
considered as a dilution factor on the basis of typical flows (Table 3.1) and is approximately 5.2.

A total of 14 preconcentration cycles employing different sampling times between 60 seconds to
840 seconds showed an average recovery for IPN of (96±1)%, determined from the slope from
the red line in Figure 3.8.

Figure 3.8 Recovery of IPN (under O2 flow at 14 sccm and heated to a constant 27 ºC) from
Tenax preconcentration unit. The black line indicates the 1:1 correlation and the red line
corresponds to the linear fit.

The linearity of the recovery curve indicates that breakthrough was not observed. A decrease in
performance was only observed in Figure 3.8 when > 1.5 ppmv IPN was sampled. However, this
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is not of concern as mixing ratios above 10 ppbv is not representative of atmospherically relevant
range of alkyl nitrates. It is evident that the adsorption capacity of Tenax for IPN and the overall
purge-and-trap method is quantitative for atmospherically relevant concentration levels.

3.7 Recovery of ethyl nitrate (EN) and propionic nitric anhydride (PPN) from a photolysis
source
While the preconcentration unit has shown excellent recovery for IPN, the purge-and-trap
method may not be as easily applied to the less stable peroxyacl nitrates, particularly if it is
measured in real time as it is synthesized in situ from a photolysis chamber (design and operation
described by Furgeson et al.139 and Rider et al.140). Recovery may also be lower for a shorter
chain alkyl nitrate such as ethyl nitrate. In an experiment to determine the recovery of the
peroxyacyl nitrate propionic nitric anhydride (PPN, structure shown in Figure 1.1) from the
purge-and-trap method, a connection was made such that photolytically synthesized PPN139, 140 is
delivered to the TD-CRDS in the same manner IPN was delivered. The preconcentration cycles
are shown in Figure 3.9, and are discussed separately in relation to PPN (purple channel signal)
and ethyl nitrate (ash channel signal).
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Figure 3.9 TD-CRDS time series showing PPN (+EN) preconcentration. Panel (a) shows the
NO2 mixing ratios prior to subtraction. Asterisks (*) indicate the start of a PPN preconcentration
cycle. Panel (b) shows ΔNO2 after subtraction or NO2 mixing ratios from EN (ΣANs) and PPN
(ΣPNs) only. Panel (c) displays the simultaneously collected ECD chromatograms, shifted in
time to match TD-CRDS preconcentration sequence. Background colour: preconcentration
(blue), desorption (red), recovery (yellow).
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In Figure 3.9, when just the PPN source was sampled starting at 01:53, a signal was observed in
the ΣPNs channel (purple) and also the ΣANs (ash) channel, as PPN is not only a peroxyacyl
nitrate but also decomposes into ethyl nitrate (EN) in solution over time.24 The observation of
EN was confirmed using the GC-ECD analysis which was operated in parallel to the TD-CRDS.
In comparison to a blank sample and when the PPN was connected, the difference in the ECD
chromatogram was the signal at 02:05, 02:25, 02:45, and 03:05 in Figure 3.9c which
corresponded to EN.

As described in section 2.1.2 regarding the operation of TD-CRDS, a simple subtraction of the
purple channel signal from the ash channel signal yields NO2 strictly from the alkyl nitrate (EN)
in the sample. Similarly, subtraction of the green channel signal from the purple channel signal
would yield NO2 from peroxyacyl nitrate (PPN) only. This is given as the two traces in panel B
of Figure 3.9, where an initial output of 4.7 ppbv PPN and 7.8 ppbv EN steadily decreased in the
subsequent sampling cycles, and corresponded to smaller desorption peaks observed in both the
ΣANs and ΣPNs channels. The switching of the valves when a new preconcentration cycle began
is denoted with an asterisk (*) in Figure 3.9a above the spike in signal. The cause of this abrupt
change in signal is unclear. However, it is only observed when PPN delivered from a photolysis
source is inline and was not observed when IPN was delivered form a diffusion source.
However, the abrupt spike in signal is so brief such that integration of the preconcentration
region for determining the recovery is unaffected.

Despite maintaining the same settings for sample delivery from the source, both PPN and EN
signals in the time series continued to change. The mixing ratio of EN sampled at 02:00 was
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approximately 7.5 ppbv, and decreased to 5.6 ppbv at 02:20, 4.3 ppbv at 02:40, and finally at 4.1
ppbv at 03:00. A similar decrease was observed in the purple channel in which the PPN mixing
ratio changed from the initial 4.4 ppbv at 02:00, to 3.2 ppbv at 02:20, 2.8 ppbv at 02:40 and 2.5
ppbv at 03:00. Simultaneous AN-GC analysis also shows a decrease in the EN signal as a
function of time, from 0.090 V at 02:05 to 0.075 V at 03:05 in Figure 3.9. The gradual decrease
in signals may result from the drifting source output.

Applying the same calculation to the desorption events at 02:05, 02:25, 02:45, 03:05 as described
in section 3.7, the recovery (± 1 standard deviation) of EN was (61±7)% and recovery of PPN
was (42±6)%, respectively.

3.8 Examination of possible interferences on IPN recovery
In the following section, experiments are presented to determine how other gases might interfere
with the recovery of alkyl nitrates (i.e., IPN) from the preconcentration unit. Gases tested
included PPN, O3 and NO2. Delivery of interfering gases was switched “on” and “off” by a three
way Teflon valve which was connected to the IPN sampling line as well as a bypass line. The
bypass was necessary when delivery of interfering gases was not desired such as during
desorption which is typically on top of zero air. All interfering gases were added to a steady
stream of IPN delivered from the diffusion source maintained at 27 oC and flushed with 14 sccm
zero air.
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3.8.1 Interference from peroxyacyl nitrates (PPN)
In a separate experiment (Figure 3.10), both IPN and PPN (and the decomposition product EN)
were preconcentrated.

Figure 3.10 TD-CRDS time series showing IPN and PPN (+ EN) preconcentration using a
stainless steel Tenax trap. Panel (a) shows the NO2 mixing ratios prior to subtraction. Asterisks
(*) indicate when the PPN source was switched “off”. Panel (b) shows ΔNO2 after subtraction or
NO2 mixing ratio from IPN and EN (ΣANs) and PPN (ΣPNs) only. Background colour:
preconcentration (blue), desorption (red), recovery (yellow).

As shown in Figure 3.10b, when IPN was delivered in six separate instances (indicated by
arrows), the average mixing ratio detected in the ΣANs channel was approximately 3.2 ppbv.
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Upon addition of PPN, the ΣANs (IPN + EN) mixing ratio increased to 5.6 ppbv. The addition of
PPN delivered from a photolysis source caused a spike in signal, shown as an asterisk (*) above
the spikes whenever the PPN source was switched off (indicated by a mixing ratio of zero in the
ΣPNs channel). Since the spikes in signals were only observed when the delivery of PPN was
discontinued, this could be due to an unstable PPN output from the photolysis source. Unstable
signals in the ΣANs channel were observed, particularly from 22:10-22:13, 22:18-22:20, 22:2322:33, and 22:38-22:40 when IPN was sampled on top of PPN. The extent of interference was
enhanced when larger amount of PPN is added, which was controlled by the sample time or the
amount of time the PPN delivery valve remained open. Figure 3.11 shows a 98% ΣAN recovery
(for IPN) when no PPN was delivered and a decrease in ΣANs (IPN + EN) recovery to (74±4)%
to as low as 68% when 3.9 ppbv of PPN was present.

Figure 3.11 Reduced IPN recovery as a function of PPN sampled from the photolysis source.
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Figure 3.11 shows that higher levels of PPN sampled from the photolysis source reduced the
apparent IPN recovery.

3.8.2 Interference from O3
When the CRDS is operated to detect NO2 at 405 nm, the interference from ozone at typical
ambient levels is not significant.86 In an experiment where 40 ppb of O3, which is slightly higher
than the annual average national ambient levels of ozone (reported by Environment and Climate
Change Canada), is added to a stream of IPN (Figure 3.12), the recovery remained unaffected at
99%.

Figure 3.12 TD-CRDS time series showing IPN preconcentration in the presence of (40 ppbv)
O3. a) NO2 mixing ratios prior to subtraction. Panel (b) shows ΔNO2 after subtraction or NO2
mixing ratios of from IPN (ΣANs) only. Background colour: preconcentration (blue), desorption
(red), recovery (yellow).
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3.8.3 Interference from NO2
When addition of NO is accompanied by excess O3, the NO can be fully titrated to produce NO2,
which can be quantified by the green channel of the TD-CRDS.

NO + O3  NO2 + O2

(3.3)

Despite the addition of O3 and NO at 22:10 in Figure 3.13, the subtraction of the channels shows
a difference of zero in NO2 mixing ratio, meaning the addition of the gases did not affect the
ΣAN (IPN) measurement. Signal anomalies were observed when the valves switched positions to
discontinue the flow of NO2, as indicated by an asterisk in panel (a) of Figure 3.12.
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Figure 3.13 TD-CRDS time series of IPN preconcentration in presence of NO2. Panel (a) shows
NO2 mixing ratios prior to subtraction and panel (b) shows ΔNO2 after subtraction of NO2
mixing ratios of IPN (ΣANs) only. Asterisks (*) indicate when the NO2 source was switched
“off”. Background colour: preconcentration (blue), desorption (red), recovery (yellow).

The amount of NO2 produced from O3 titration of NO can then be directly subtracted from the
alkyl nitrate measurement. A triplicate measurement of IPN recovery in the presence of O3 and
NO from the desorption events at 22:25:30, 22:45:30, and 23:05:30 in Figure 3.13 was (99±3)%,
comparable to the recovery of IPN alone at (98±2)% delivered from the same setup. Addition of
NO2 was demonstrated here to be of negligible concern for IPN recovery.
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3.9 Discussion
3.9.1 Preconcentration of IPN
Applying the purge-and-trap method for preconcentration of alkyl nitrates followed by analysis
using TD-CRDS improved the signal to noise ratio (S/N) by at least a factor of 4. This is evident
in the example shown in Figure 3.5b where the desorption signal showed a maximum of 15 ppbv
in the ΣANs channel compared to the sampling signal at 4 ppbv. However, the S/N was
improved at the expense of time resolution; as only one data point was obtained every twenty
minutes (based on the length of each preconcentration cycle) when 8 Hz data collection
frequency is possible without preconcentration.

The purge-and-trap method using a Tenax preconcentration unit coupled to TD-CRDS also
showed excellent recovery of IPN, at (96±1)%. No breakthrough was observed from this method
and the high recovery even at unrealistically high IPN mixing ratios (> 1 ppmv) suggests this is a
promising technique for enhanced alkyl nitrate measurements from both remote and polluted
environments. Addition of O3 and NO2 from O3 titration of NO did not affect the purge-and-trap
method for preconcentration of IPN, as recovery remained at (99±3)%.

When PPN from a photolysis source was sampled concurrently with IPN, the recovery of IPN
was reduced from (96±1)% to (74±4)% . As the ring down cells were maintained at 50 oC and
the sample passed through quartz TD cells heated to 210 oC and 400 oC, respectively, the loss of
signal cannot be attributed to recombination. Thus, a possible explanation for the loss of ΣANs
signal when PPN is delivered may be due to interference by impurities delivered from the
photolysis source. Impurities in the photolysis source have been observed and analyzed
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previously.140 It is speculated that a variety of other unidentified organic compounds from the
photolysis source may be retained on the Tenax in the preconcentration trap, which would hinder
alkyl nitrate adsorption and therefore reduce IPN recovery. If the volatility of the impurities are
similar to that of IPN, they will be released simultaneously with adsorbed IPN during the
desorption stage. This interference was enhanced when greater amount of PPN was delivered
form the photolysis source. As shown in Figure 3.11, this effect may not be linear, and may
depend on the flow rates and temperature gradient from the preconcentration unit through the TD
cell to the ring down cells. Hence, the extent of the interference may be challenging to quantify.
A photolysis source was used in this work due to convenience as it was constructed previously.
However, PPN produced by other sources should be investigated in the future for its interference
on alkyl nitrate recovery from Tenax.

3.9.2 Preconcentration of PPN and EN
Preconcentration of peroxyacyl nitrates such as PPN is rarely reported as it is usually not
required due to their higher ambient abundance relative to alkyl nitrates. The poorer thermal
stability of peroxyacyl nitrates (which dissociates at temperature much lower than required for
alkyl nitrates) could also lead to undesired premature dissociation into radicals and NO2 at the
desorption stage when the preconcentration trap is heated to 180 oC. At this temperature, some of
the adsorbed peroxyacyl nitrate may thermally decompose prior to TD-CRDS analysis and result
in a lower recovery when the ratio of desorption area to preconcentration area is considered, as
shown in the poor PPN recovery of (42±6)%. Ethyl nitrate from the decomposition of PPN was
detected in the ΣANs channel, with a recovery of (61±7)%.
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3.9.3 Limitation of stainless steel preconcentration traps
The green trace shown in Figure 3.6 showed an absorption signal at 405 nm following the
desorption peak. While the green channel represents a measure of NO2, the unexpected peak
following desorption may indicate indirect formation of NO2 upon heating stainless steel. This is
likely due to the common practice of using of HNO3 for pickling and cleaning of stainless steel.
Any remnants of HNO3 could lead to the formation of NO2 upon heating (HNO3  NO2 + H2O),
which could explain the additional peak in the green channel. Additionally, typical commercial
grade 316 stainless steel contains 2-3% molybdenum which upon heating could reduce NOy
species to NO that could subsequently form NO2. Therefore, construction of Tenax
preconcentration units with other materials such as quartz tubing may be a desirable alternative.

3.9.4 Preconcentration unit lifetime and reusability
Common Tenax degradation products due to NO2 and O3 are 2,6-diphenyl-p-benzoquinone
(DPQ) and 2,6-diphenyl-p-hydroquinone (DPHQ),141-143 which are contaminants that would
affect the trapping ability of Tenax. While these are derivatives of the Tenax polymer, they do
not thermally decompose into NO2 and hence will not directly affect the TD-CRDS response.
However, these substances may absorb at 405 nm and cause an interference to the CRDS
signals.

The formation of these substances can be easily identified by their brown physical appearance
which is an indication of when the trap should be reconditioned, or replaced. Each
preconcentration unit was used for a period of several months, unless when subject to extended
exposure to high NOx and O3. While not attempted here, re-conditioning of the Tenax adsorbent
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by flushing the traps with inert gas at elevated temperatures may prolong usage and maintain
high recovery performance.

3.10 Conclusions
The Tenax preconcentration unit can be a useful tool for enhancement of alkyl nitrate detection
and measurement. Recovery of IPN from the purge-and-trap method was (96±1)%, and remained
unaffected when sampled with O3 and NO2. However, simultaneous sampling of peroxyacyl
nitrates such as PPN delivered from a photolysis source reduced IPN recovery, to (74±4)%,
likely due to interference from organic side products co-produced from the photolysis source
which may be retained and desorbed from the Tenax adsorbent and subsequently detected at 405
nm. Future investigation of the effects of peroxyacyl nitrates on alkyl nitrate preconcentration
should be examined using other sources.
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Chapter Four: GC-TD-CRDS for analysis of specific individual alkyl nitrate from
preconcentration on a quartz Tenax trap
TD-CRDS is a technique that provides quantitative information on the sum of alkyl nitrates
(∑ANs) or the total mixing ratios of the entire class of alkyl nitrates.85, 94, 95 Quantification of
individual compounds via separation and speciation of alkyl nitrates have not yet been attempted
with TD-CRDS. The ability to quantify individual alkyl nitrates is desirable for understanding
the contribution from each alkyl nitrate species to the total sum, particularly for an environment
in which many alkyl nitrates co-exist. This can be achieved with a separation technique, such as
gas chromatography (GC) which is the most commonly reported technique for separation and
speciation of alkyl nitrates.106, 108

The following chapter describes a series of experiments in which a GC preparatory column is
coupled to the TD-CRDS for quantification of alkyl nitrates in a mixture. The separated
compounds are preconcentrated onto a Tenax preconcentration unit prior to TD-CRDS analysis.
Preconcentration of alkyl nitrates described in this chapter was achieved with a quartz Tenax
trap. The expectation is that preconcentration of alkyl nitrates using quartz Tenax
preconcentration unit precludes interfering signals at the absorbing wavelength of TD-CRDS and
provides a more reliable ∑ANs measurement.

4.1 GC-ECD analysis of individual synthesized alkyl nitrates
Due to the limited commercial availability of alkyl nitrate standards, eight alkyl nitrates were
synthesized according to Kames et al.124 as described in section 2.4. A summary of the
synthesized alkyl nitrates and their alcohol precursors is given in Table 4.1. Prior to analysis of
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the alkyl nitrates as a mixture by TD-CRDS, each synthesized alkyl nitrate was first analyzed
using GC-ECD, equipped with a 60 m capillary column (RTX 1701) and operated with a flow of
5 ml/min He carrier gas and 60 ml/min N2 makeup gas (see section 2.2). This analysis
immediately followed synthesis and purification as well as extraction procedures to make sure
the desired alkyl nitrate was collected. Each GC analysis was achieved with a temperature
program initiated at 36 oC and a temperature ramp of 23 oC per minute until a final temperature at
180 oC is reached, as shown in the Figure 4.1.

Figure 4.1 Temperature program of GC-ECD for analysis of synthesized alkyl nitrates. The
temperature program involved an initial temperature of 36 °C (held for 3 minutes) that increased
with a ramp of 23 oC per minute to 180 °C, which was reached at approximately 13 minutes. The
temperature was held for 4 minutes at 180 °C (until 17 minutes) and cooled to 36 °C.

The resulting chromatograms are presented in Figure 4.2. The compounds eluted in the following
order: EN, 2BN, 1BN, 3PeN, 3M1BN, and 1PeN. This sequence is the same as that reported in a
previous study on GC ECD analysis of a mixture of ten alkyl nitrates in dodecane from a
diffusion cell.106
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Table 4.1 Summary of synthesized alkyl nitrates from the respective alcohol precursor. The
retention times (Rt) of each alkyl nitrate was determined for a RTX-1701 capillary column (60
m) under flow of 5 ml/min He carrier gas and 60 ml/min N2 makeup gas with a temperature
program of 36 °C (3 mins), rate 23 °C/min to 180 °C.

Vapor pressure of

Alkyl Nitrate

Rt (min)

alcohol precursor *

(Abbreviation)

Ethanol

44.6 Torr at 20 oC

Ethyl Nitrate (EN)

8.42

1-Butanol

5 Torr at 20 oC

1-Buytl Nitrate (1BN)

11.50

2-Butanol

12.5 Torr at 20 oC

2-Buytl Nitrate (2BN)

10.43

1-Pentanol

1.5 Torr at 20 oC

1-Pentyl Nitrate (1PeN)

12.78

3-Pentanol

8.25 Torr at 20 oC

3-Pentyl Nitrate (3PeN)

11.68

1-Hexanol

1 Torr at 25 oC

1-Hexyl Nitrate (1HN)

N/A

3-Methyl 1-Butyl Nitrate

11.87

3-Methyl 1-Butanol

2 Torr at 20 oC

Alcohol precursor

(3M1BN)

* Vapor pressure of alcohol precursors are obtained from supplier (Sigma Aldrich) Safety Data
Sheets (SDS).
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Figure 4.2 ECD chromatograms (red = blank and black = sample) of synthesized alkyl nitrates
eluted from RTX-1701 capillary column (60 m) under flow of 5 ml/min He carrier gas and 60
ml/min N2 makeup gas with a temperature program of 36 °C (3 min), rate 23 °C/min to 180°C.
Unidentified peaks in EN, 2BN, 1PeN and 3PeN are likely due to impurities.
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Abbreviations of each alkyl nitrate in Figure 4.2 are indicated in Table 4.1. The red trace in each
chromatogram is a blank measurement obtained from sampling through the bypass of the glass
trap with the sampling valves closed. Some impurities were observed in the ECD chromatograms
of EN, 3PeN, 2BN, and 1PeN as unidentified peaks in Figure 4.2. These unidentified peaks were
present at low intensities, even after extraction with tridecane.

A different temperature program was employed for 2-Pentyl Nitrate which resulted in the
chromatogram shown in Figure 4.3. The elution time can be estimated according to the elution
pattern reported by Ostling et al.106 This estimation suggests elution of 2-Pentyl Nitrate at 11.70
min, between 3-Pentyl Nitrate and 3-Methy-1-Butyl Nitrate (Table 4.1), which is consistent with
the estimation from comparing the vapor pressures obtained from the supplier (Sigma Aldrich)
for each alcohol precursor.

Table 4.2 Synthesized 2-Pentyl Nitrate from alcohol precursor and GC analysis using a RTX1701 capillary column (60 m) under flow of 5 ml/min He carrier gas and 60 ml/min N2 makeup
gas with a temperature program of 36 °C (5 min), rate 16 °C/min to 180 °C.

Vapor pressure of

Alkyl Nitrate

alcohol precursor *

(Abbreviation)

6.03 Torr at 25 oC

2-Pentyl Nitrate (2PeN)

Rt (min)

Alcohol precursor

2-Pentanol

15.33

* Vapor pressure of alcohol precursors are obtained from supplier (Sigma Aldrich) Safety Data
Sheets (SDS). Based on the vapor pressure of its alcohol precursor, it should elute around the
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time of 3PeN with an estimated Rt of 11.70 mins if separated using the same temperature
program as 3PeN described above.

Figure 4.3 ECD chromatogram of synthesized 2-Pentyl Nitrate eluted from RTX-1701 capillary
column (60 m) under flow of 5 ml/min He carrier gas and 60 ml/min N2 makeup gas with a
temperature program of 36 °C (5 min), rate 16 °C/min to 180°C.

4.2 Preparatory column setup and operation
The development of GC-TD-CRDS incorporates a preparatory GC column with subsequent TDCRDS detection, necessary for separation and speciation of alkyl nitrates from a mixture of
synthesized standards. The preparatory setup presented (Figure 4.4) consists of two 3 m GC
column (Rtx 1701, 0.53 mm i.d. 1µm film thickness) at opposite directions as controlled by a
two position valve (VICI) that either directs the sample to a common inlet line (to both GC-ECD
and TD-CRDS) or to waste. The two way valve is switched manually using a controller, from B
to A or A to B, to control the amount of analyte sampled. The role of the switch is to control how
long a sample plug is injected onto the preparatory GC column. The time this valve remains open
(or in sampling position) is proportional to the amount of sample injected onto the preparatory
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column and therefore the amount of alkyl nitrates eventually introduced to the inlet line directed
to the Tenax preconcentration trap as well as the TD-CRDS. The term sampling time is therefore
used interchangeably with injection time. The longer the injection time, the greater the amount of
the sample directed to the Tenax trap and TD-CRDS.

Figure 4.4 Schematic of preparatory GC column for pre-separation of synthesized alkyl nitrates.
The dash lines indicate sample path to waste. Manual control was required to switch the valve
from a) sampling mode or delivery of analyte to TD-CRDS inlet line and b) directing sample to
waste.

Two different mixtures were sampled including a mixture that contained various synthesized
alkyl nitrates as well as a mixture of alkyl nitrates and peroxyacyl nitrates. The sample mixtures
were delivered in O2 carrier gas from the glass trap at a low flow rate of approximately 10
ml/min. The exact flow rate of this carrier gas does not need to be known as long as it is constant
because an excess of zero air is used to carry the sample to the respective instruments. The flow
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of the zero air carrier gas was determined from the total inlet flow of the instruments and was 4.5
slpm.

4.3 Construction and operation of quartz Tenax preconcentration unit
Due to the absorption signal at 405 nm observed in the NO2 channel (Figure 3.6) when the
stainless steel was heated under desorption temperatures (180 oC), it was necessary to attempt
construction of the preconcentration unit with another material, such as quartz.

4.3.1 Construction of quartz Tenax preconcentration unit
Each quartz Tenax preconcentration unit was constructed following the procedure described for
stainless steel traps in section 3.2. The key difference between construction of the stainless steel
and quartz traps is the attachment of the nichrome wire that was necessary for resistive heating.
For quartz traps, the nichrome wire, measured in length to have a resistance of approximately 50
Ohms, was immediately wrapped around the quartz tubing, after which one layer of Resbond
adhesive coating was required for insulation and attachment of the K-type thermocouple. Prior to
use, the Tenax adsorbent was conditioned following the same procedure described previously
(see section 3.2.1).

4.3.2 Operation of quartz Tenax preconcentration unit
Several modifications were made to the operation of the quartz preconcentration unit as had been
described in section 3.4 for stainless steel traps. The addition of zero air used as a carrier gas for
the desorbed analyte may have accelerated oxidative degradation of the Tenax, as indicated by a
yellow deposit that formed over time at the inner walls at the exit of the Tenax traps. The studies
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described in this chapter and the remainder of this thesis will be on desorption operated with high
purity (ECD grade) N2 (Praxair). This gas was delivered at a flow rate of 100 sccm immediately
after the preconcentration at 25 oC for 10 seconds to back-flush the Tenax before the trap is
heated to 150 oC for desorption. The flow during sampling was set to 0.400 slpm.

4.4 Preconcentration of IPN using quartz Tenax preconcentration unit
A typical sequence of events is shown in Figure 4.5. A constant concentration of IPN was
delivered and preconcentrated from 23:20-23:30. Then, zero air was delivered and the N2 flow
(100 sccm) through the trap started and continued for the duration of the desorption (23:30) of
two minutes during which the Tenax trap was heated. Following desorption at 23:30 in Figure
4.5, only a desorption signal in the ΣANs channel was observed. Unlike the results with the
stainless steel trap (see Figure 3.6), there was no signal observed in the green channel.

Figure 4.5 TD-CRDS time series of IPN preconcentration onto Tenax from quartz
preconcentration unit. The background colour indicates the preconcentration (blue), desorption
(red), and recovery (yellow) stages.
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4.5 Analysis of a mixture of alkyl nitrates by GC-TD-CRDS and GC-ECD
A sample stream over the headspace of a mixture containing four synthesized alkyl nitrates 2BN,
2PeN, 3M1BN, and 1PeN was delivered through the GC preparatory column and simultaneously
sampled by TD-CRDS and GC-ECD. GC-TD-CRDS chromatogram (Figure 4.6) shows
separation of three compounds (2BN, 2PeN, and 3M1BN) in an order according to the GC
elution pattern determined in section 4.1.

Figure 4.6 GC-TD-CRDS time series of a mixture of alkyl nitrates. This was a 5 second sample
injection which started at 01:00 UTC.

The GC column is of the same (medium) polarity as the GC column installed in the GC-ECD.
Figure 4.7 is the ECD chromatogram of the simultaneous GC analysis and clearly shows four
peaks, including a small peak due to 1PeN which was not observed in the TD-CRDS time series.
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Figure 4.7 ECD chromatogram of a mixture of synthesized alkyl nitrates.

The shift in retention times observed for the separated alkyl nitrates in comparison with the
chromatograms of the standards (section 4.1) was due to a change in the GC temperature
program which began at a higher temperature (38 °C for 3 mins) and was increased to 180°C at a
rate of 24 °C/min instead of 23 °C/min (Figure 4.1). This change was necessary to ensure the GC
oven temperature reached back to initial value for the next analysis.

4.5.1 Confirmation of species in a mixture of synthesized alkyl nitrates by frontal
chromatography GC-TD-CRDS
For determination of all the compounds in the alkyl nitrate mixture, the two-way sampling valve
(Figure 4.4) was set to stay in the sampling mode such that a continuous stream of sample was
supplied to the TD-CRDS through the preparatory GC column. The result is a series of
concentration steps each corresponding to a separate component of the sample, called a frontal
chromatogram, where the first plateau is due to the fastest eluting compound from the mixture.
An example is shown in Figure 4.8.
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Figure 4.8 GC-TD-CRDS time series of a frontal chromatogram of the 4 alkyl nitrate mixture.
Each plateau corresponds to a single compound in the mixture and elution is based on volatility
where the most volatile (2BN) would elute first.

Following breakthrough of all compounds, a reverse frontal chromatogram is observed when the
sample mixture is no longer delivered to the column. An example is shown in Figure 4.9. Here
again, the first plateau is due to the compound which elutes first (2BN) from the preparatory
column.
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Figure 4.9 GC-TD-CRDS time series of a reverse frontal chromatogram of the 4 alkyl nitrate
mixture. Each plateau corresponds to a single compound in the mixture and elution is based on
volatility where the most volatile (2BN) would elute first.

Compared to the frontal chromatogram in Figure 4.8, the reverse frontal chromatogram better
illustrates the separation of the four synthesized alkyl nitrates from the mixture, as it distinctly
shows a fourth plateau corresponding to 1PeN which was not observed in the GC-TD-CRDS
generated chromatogram in Figure 4.8.

4.6 Analysis of a mixture of alkyl nitrates and peroxyacyl nitrates by GC-TD-CRDS
Another series of experiments was performed to examine the detection of alkyl nitrates in the
presence of peroxyacyl nitrates. To the same mixture of alkyl nitrates described in section 4.5
containing 2BN, 3M1BN, 2PeN, and 1PeN, three synthesized peroxyacyl nitrates (synthesized
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by previous Osthoff group members and stored in tridecane at -18 °C for more than a year) were
added. The three peroxyacyl nitrates included in this experiment were peroxyacetic nitric
anhydride (PAN), peroxypropionic nitric anhydride (PPN), and peroxyisobutyric nitric anhydride
(PiBN). Structures of these peroxyacyl nitrates are presented in Figure 1.1. In the condensed
phase, these peroxyacyl nitrates may undergo a minor decomposition pathway which could lead
to formation of alkyl nitrates.144 The expected alkyl nitrates produced from each of the three
added peroxyacyl nitrates (stored in solution for over a year) are summarized in Table 4.3.

Table 4.3 Three peroxyacyl nitrates added to sample glass trap and the alkyl nitrate expected,
respectively, due to intramolecular decomposition in the condensed phase during long-time
storage.
Peroxyacyl Nitrate

Alkyl Nitrate by-product

PAN

Methyl Nitrate

PPN

Ethyl Nitrate

PiBN

Isopropyl Nitrate

It is important to note that decomposition of peroxyacyl nitrate in the condensed phase is several
hundred times slower than the gas phase dissociation reaction that yields NO2.21

The glass trap containing both alkyl and peroxyacyl nitrates were immersed in a dewar with an
ice water bath to minimize evaporative loss of peroxyacyl nitrates and the amount of potential
volatile by-products to be sampled. The headspace of the mixture was flushed with O2 and
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sampled through the preparatory column prior to GC and TD-CRDS in the same manner as
described in section 4.5.

Figure 4.10 shows a sample GC-TD-CRDS chromatogram of the alkyl nitrate and peroxyacyl
nitrate mixture. While the three alkyl nitrates from the GC-TD-CRDS time series in the previous
experiment (2BN, 2PeN, and 3M1BN) are evident, two additional peaks in the ΣANs channel
(corresponding to MN and EN assumed on the basis of retention times) were observed.
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Figure 4.10 GC-TD-CRDS chromatogram of a mixture containing four alkyl nitrates and three
peroxyacyl nitrates, sampled for 5 seconds starting at 02:12. a) Decomposition products of PAN
and PPN in the condensed phase are observed as MN and EN in the time series where PiBN
eluting at the same time as its decomposition product (IPN) is observed. b) Peak corresponding
to 3M1BN at much lower mixing ratios. C) ΣPNs channel signals observed for PPN and PiBN.

Comparing the above GC-TD-CRDS chromatogram to that in Figure 4.6, there is an evident
decrease in the amount of analyte present in the ΣANs channel. This is due to the reduced
temperature caused by the ice water bath at which the alkyl nitrates were sampled, reducing the
amount drawn into the inlet line.

The purple or ΣPNs channel showed signals at 02:13:00 for PPN and 02:13:54 for PiBN (Figure
4.10c) as that is also where the respective decomposition products are observed in the ΣANs
channel. The absent PAN signal in the time series (Figure 4.10a) suggests the compound had
fully decomposed. The peroxyacyl nitrate signals decreased with time and were barely observed
for the sample injected at 02:44:45 (Figure 4.11).
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Figure 4.11 GC-TD-CRDS chromatogram of a mixture containing four synthesized alkyl
nitrates and three peroxyacyl nitrates, sampled for 5 seconds starting at 02:44:45

The same alkyl nitrates were observed in the simultaneous GC-ECD analysis presented as a
chromatogram shown in Figure 4.12. The peroxyacyl nitrates are not expected to survive thermal
decomposition during the desorption process and are not expected to be present in the GC-ECD
chromatogram.

Figure 4.12 ECD chromatogram of a mixture containing four synthesized alkyl nitrates and three
peroxyacyl nitrates (same injection as shown in Figure 4.11).
80

The retention times of 2BN, 2PeN, 3M1BN, and 1PeN from the initial alkyl nitrate mixture
(Figure 4.6) were unaffected by the addition of peroxyacyl nitrates. Signals representing
decomposition products of peroxyacyl nitrates in the condensed phase (MN and EN) are also
present in the chromatogram.

4.6.1 Comparison of GC-ECD and GC-TD-CRDS response
The response of eluted alkyl nitrates from GC-TD-CRDS was compared to that of GC-ECD by
taking the ratio of the integrated area under the peaks in Figure 4.11 and Figure 4.12. The area
under the peaks corresponding to each eluted alkyl nitrate is summarized in Table 4.4, from
which a ratio was determined.

Table 4.4 Peak areas for alkyl nitrates from GC-TD-CRDS and GC-ECD chromatograms.
GC-TD-CRDS area

GC-ECD area

Alkyl Nitrate
(ppbv

s)

(V

s)

(V ppbv -1)
10-3

MN

8

0.014

2

EN

450

0.418

9.3

10-4

2BN

265

0.154

5.80

10-4

2PeN

134

0.091

6.8

10-4

3M1BN

21

0.028

1.3

10-3

Figure 4.13 shows the comparison of the response from GC-TD-CRDS and GC-ECD.
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Figure 4.13 Comparison of GC-ECD and GC-TD-CRDS peak areas for the five detected alkyl
nitrates from a mixture.

With the exception of MN, comparison of the peak areas produced by GC-ECD and GC-TDCRDS analysis showed an increasing ratio with decreasing volatility.

4.7 Recovery of mixture of alkyl nitrate and peroxyacyl nitrate
4.7.1 Experimental setup of second two-position sampling valve
A second two-position sampling valve (VICI) was installed in connection to the first two way
valve to independently deliver already separated alkyl nitrate for determining their recovery from
a mixture via the purge-and-trap method. This configuration is shown in Figure 4.14. The second
valve herein called the stop-flow valve uses two ports of a 8-port valve (as it was available) to
either deliver separated alkyl nitrate to the TD-CRDS or discontinue the flow such that the
separated species remain stationary until the valve is switched to open position again. If a
background (τ0) or zero measurement was desired, the first preparatory valve is switched to
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direct the flow to waste or the second valve would be operated in closed position such that no
compounds would be eluted from the preparatory column and sampled by TD-CRDS.

Figure 4.14 Simplified schematic of two (two position) GC valves operated in series to deliver
individual alkyl nitrates from a mixture. Separated alkyl nitrates are delivered only if GC valve 2
is switched to a) an open position allowing flow of sample whereas b) shows a discontinued flow
of analyte which means the alkyl nitrates are not sampled by the TD-CRDS.

This series of experiments only involved analysis by TD-CRDS as the purpose of the ECD was
to confirm the identity and elution pattern of the speciated alkyl nitrates that would be separated
from GC valve 1, as detailed in the sections above. While ECD analysis of this type of species
has been extensively researched, the remainder of this chapter focuses on analysis and recovery
of alkyl nitrates from TD-CRDS with preconcentration.

4.7.2 Preconcentration of independently delivered alkyl nitrate form a mixture
The second two-position valve shown in Figure 4.14 was controlled to stop the flow after elution
of each peak which would appear in the TD-CRDS time series. This allowed for selective
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preconcentration of the compound corresponding to the eluted peak whereas the remainder of the
mixture would not be preconcentrated.
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Figure 4.15 a) GC-TD-CRDS time series of a 12 second injection of a mixture of synthesized
alkyl nitrates and peroxyacyl nitrates including b) Methyl nitrate, c) Ethyl nitrate, d) 2-Butyl
nitrate at 22:15, which was observed in the subsequent preconcentration cycle starting at 22:30 in
panel e). Panel f) shows overlapping elution of 2-Pentyl and 3-Methyl 1-Butyl nitrate without
separation. All alkyl nitrates were independently delivered, and preconcentrated onto a quartz
Tenax trap. Each TD-CRDS time series indicate a 15-minute preconcentration cycle. The gap
between 21:45 and 22:15 was because a blank was sampled (at 22:00, not shown).

Figure 4.15a shows a 12 second injection of the same mixture as described in section 4.6
containing 2BN, 3M1BN, 2PeN, 1PeN, and three synthesized peroxyacyl nitrates PAN, PPN,
and PiBN. The peaks were relatively broad which causes their separation by the stop flow valve
to be challenging. This was particularly difficult for the overlapping MN and EN peaks as well
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as 2PeN and 3M1BN peaks. The injection times or the length of time the preparatory valve
remains open was shortened to achieve better peak resolution, such as observed for a 3 second
injection shown in Figure 4.16 in comparison to the 12 second injection in Figure 4.15a.
However, with the shorter (3 second) injection time, the desorption signal is significantly smaller
and therefore more difficult to quantify.

Figure 4.16 GC-TD-CRDS time series of a 3 second injection of a mixture of synthesized alkyl
nitrates and peroxyacyl nitrates.

4.8 Determination of carry-over or memory effects
Memory effects and potential carry-over of analyte from previous desorption cycles would
contribute a positive interference to the ΣANs measurement. If not all the adsorbed analyte is
removed from the preconcentration trap during the desorption stage, the next desorption signal
would be erroneously large. Potential memory effects were examined by supplying a large
quantity of alkyl nitrate to the quartz Tenax trap, and analyzing subsequent desorption signals
without sampling any new analyte.
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Figure 4.17 GC-TD-CRDS time series showing the absence of memory effects when a mixture
of alkyl nitrates and peroxyacyl nitrates were sampled. a) Desorption event immediately
following preconcentration and b) two subsequent desorption events without sampling new
analyte. The three stages of the preconcentration cycle is colour coded: preconcentration (blue),
desorption (red), and recovery (yellow).

Following the immediate desorption event at 20:18 (Figure 4.17) and without sampling any new
analyte (sampling blank from 20:30 to 20:38, and from 20:45 to 20:53), the two desorption
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events at 20:38 and 20:53 (Figure 4.17b) show no signal in the ΣANs channel. This is a clear
indication that memory effects or any positive interference due to analyte carry-over from
desorption to desorption is not of concern for quartz preconcentration traps.

4.9 Total recovery of alkyl nitrates from a mixture
4.9.1 Alkyl nitrates sampled in dry zero air
The recovery for alkyl nitrates sampled through the two connected two-position sampling valves
(Figure 4.14) was determined in the same way as for individual alkyl nitrates, as discussed in
chapter 3. The recovery of individual alkyl nitrates from a mixture was calculated using equation
3.2, where the ratio of the desorption peak area to the area of the sampled peak in the ΣANs
channel was corrected by the flows (of the four CRDS channels and of the sampling and
desorption flow for the preconcentration unit). However, as the manual switching of the second
GC valve that controlled the flow of the alkyl nitrates was not reproducible, due to delay in
switching the valve, the recovery of individual alkyl nitrates from the mixture may also be
affected. For example, 2BN was sampled a second time (Figure 4.15e) from the mixture as it was
not completely delivered from the first attempt (Figure 4.15d) due to early switching of the
second GC valve from the open position to the closed position. In contrast, a delay in switching
the stop-flow valve to the closed position could result in co-elution of two compounds with
similar elution times, which would complicate the area integration process. Therefore, it may be
more useful to evaluate the total recovery instead of individual recovery to assess the efficiency
of the purge-and-trap method for preconcentration of alkyl nitrates using GC-TD-CRDS.
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The total recovery is the sum of recoveries of all individual alkyl nitrates after separation from
the GC preparatory column. This is calculated as the sum of the desorption peak areas divided by
the sum of the sampling peak areas. The correction factor is the same as applied in equation 3.1.

(4.1)

The total recovery for the mixture in Figure 4.15 is determined from the sum of the desorption
events at 21:38, 21:53, 22:23, 22:38, and 22:53. Recovery of alkyl nitrates from the mixture
sampled with dry zero air is tabulated in Table 4.5. The average total recovery and standard
deviation of alkyl nitrates from 12 different experiments with varying sampling times (GC valve
2) after separation by the preparatory column (GC valve 1) and analysis by TD-CRDS with
preconcentration is 99 ± 5%.
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Table 4.5 Total recovery of alkyl nitrates mixture sampled in dry air at various injection times.
Areapreconcentration (ppbv

Length of

ΣAreadesorption_cor

s)

(ppbv

s)

Total

injection (s)

MN

EN

2BN

3M1BN

2PeN

1PeN

recovery

20

N/A

N/A

1403.41

629.70

299.77

26.69

2352.38

1.00

10

N/A

N/A

363.61

182.75

79.21

12.72

601.52

0.94

15

N/A

N/A

864.20

404.08

151.96

27.58

1447.83

0.94

15

120.01

44.88

15.99

1.93

166.04

0.91

20

1287.93

495.18

184.65

22.0

1825.24

0.92

15

636.22

97.34

39.20

18.61

ND

796.824

1.01

10

342.63

71.03

18.49

7.47

2.65

439.65

0.99

45.16

10.17

2.39

0.27

227.72

1.02

5

30.36

134.49

10

380.67

118.39

54.17

13.91

ND

590.12

1.04

3

142.23

53.89

30.99

13.41

0.53

252.60

1.05

12

381.13

178.25

99.08

44.34

0.38

739.43

1.05*

104.02

50.85

150.75

3.76

671.50

1.04

12

46.33

287.59

0.99
Average
± 0.05

N/A indicates a compound that was not in the sample
ND: Not detected
* This 12-second injection represents the mixture sampled at 21:16 in Figure 4.15a
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4.9.2 Alkyl nitrates sampled with humidified zero air
Previously, hydrolysis has been reported to influence alkyl nitrates in the atmosphere. To assess
the current setup against hydrolysis, a series of experiments was performed to probe if alkyl
nitrate preconcentration on Tenax is prone to hydrolysis or formation of HNO3 from alkyl nitrate
in high humidity conditions. Humidified air can be generated by delivering a portion of the dry
zero air carrier gas through a bubbler containing (Milli-Q) water, at a set flow rate controlled by
a MFC. The humidified gas stream was then combined with a stream of dry zero air at a
controlled output, which (for our experimental conditions) equated to a total relative humidity
(RH) of 83%. The combined output is used as the carrier gas for alkyl nitrates delivered to the
TD-CRDS inlet as shown in Figure 4.18.

Figure 4.18 Schematic of bubbler setup to induce humidified air to the sample stream containing
synthesized alkyl nitrates and peroxyacyl nitrates.

Increased humidity did not affect total recovery of alkyl nitrates preconcentrated on Tenax. The
average total recovery of alkyl nitrates from 10 different experiments (Table 4.6) with varying
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injection times (GC valve 2) after separation by the preparatory column (GC valve 1) and
analysis by TD-CRDS with preconcentration was 92 ± 11%.

Table 4.6 Total recovery of alkyl nitrates mixture sampled in humidified (RH=83%) air at
various injection times.
Areapreconcentration (ppbv

Length of
injection (s)

MN

EN

ΣAreadesorption_cor

s)

2BN

3M1BN

2PeN

1PeN

(ppbv

s)

Total
recovery

12

233.83

77.28

41.86

55.36

ND

461.16

1.13

5

113.86

37.04

20.12

20.88

ND

187.18

0.98

10

175.12

51.41

32.87

36.22

ND

316.95

1.07

15

214.30

61.50

36.41

47.19

ND

325.07

0.90

15

210.53

63.88

38.45

49.30

ND

320.30

0.88

12

149.95

41.54

21.56

31.16

ND

217.52

0.89

15

185.65

59.11

29.35

36.10

ND

255.69

0.82

10

229.88

62.07

34.57

55.07

ND

318.04

0.83

3

99.98

33.64

22.48

15.14

ND

148.20

0.87

15

302.16

86.36

46.28

62.02

ND

417.56

0.84

Average

0.92 ± 0.11

ND means Not detected
The total recovery of separated alkyl nitrates from a mixture sampled in dry and humidified air
are shown in Figure 4.19.
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Figure 4.19 Total recovery of alkyl nitrates from a mixture of synthesized alkyl nitrate and
peroxyacyl nitrate under dry and humidified (RH=83%) conditions.

4.10 Discussion
Detection of individual alkyl nitrates from a mixture was achieved by coupling a separation
method (GC) to a universal alkyl nitrate detection technique, TD-CRDS. The development of
GC-TD-CRDS allowed separation of individual alkyl nitrates from a GC preparatory column
followed by direct preconcentration onto Tenax and sampling by TD-CRDS. This technique is
comparable to conventional GC analysis of alkyl nitrates with preconcentration, but offers the
unique advantage of a uniform response to all alkyl nitrates as they are converted to (and
detected as) NO2.

Preconcentration and desorption of alkyl nitrates from a quartz Tenax preconcentration unit did
not show an artifact absorption signal at 405 nm (Figure 4.5) as had been observed with the
stainless steel Tenax traps. Furthermore, memory effects between preconcentration events were
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not observed (Figure 4.17). These results suggest that quantitative measurements of organic
nitrates with this technique may be possible.

The addition of a GC preparatory column to TD-CRDS allowed controlled delivery and
quantification of individual alkyl nitrates from a mixture. Alternatively, quantification of alkyl
nitrates in a mixture by frontal chromatography (Figure 4.8) was determined. For late-eluting
peaks, it was advantageous to perform a reverse frontal chromatography experiment (Figure 4.9)
because measuring a small increase of such compounds on top of a large concentration of earlier
eluting compounds was difficult.

To

enable

quantitative

measurements

of

alkyl

nitrates

using

GC-TD-CRDS

with

preconcentration, the recovery of individual alkyl nitrates from a mixture was determined. These
results were not very precise because inconsistent injections of individual alkyl nitrates from the
stop-flow valve resulted in either co-elution of compounds (Figure 4.15f) or signals too small to
accurately quantify. Thus, the sum of all desorption peaks was used to give a more accurate
representation of the recovery for the mixture. The total recovery takes into account all separated
analyte which was desorbed from the preconcentration unit, and therefore cancels out errors
arising from incomplete sampling. For example, even though 2BN was not completely delivered
at 22:16 (Figure 4.15d), the area from the desorption event at 22:23 and 23:38 (Figure 4.15e)
would equate to fully account for 2BN. The sum of recoveries for individual alkyl nitrates in the
mixture ranged from 91 to 105% in dry air. The excellent total recovery indicates effective
retention of alkyl nitrates even after separation from a mixture. This was also reproducible
(standard deviation ± 5%) for the alkyl nitrates (Table 4.5) injected over varying lengths of time.
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This suggests that quantitative analysis for total recovery of speciated alkyl nitrates from a
mixture is possible, which have not been investigated previously for TD-CRDS as it is
conventionally a total alkyl nitrate measurement technique.

Preconcentration in ambient air may be affected by humidity, as the potential for hydrolysis of
collected alkyl nitrates exist.145 Laboratory tests showed that the effect of water on the recovery
of alkyl nitrates from the quartz Tenax preconcentration trap was minimal, as the total recovery
of humidified alkyl nitrates from a mixture remained between 82 to 110% (Table 4.6). A small
decrease in ΣANs recovery sampled from humidified air (Figure 4.19) was likely due to
hydrolysis effects or when alkyl nitrates are rapidly converted to nitric acid under humidified
conditions.145 However, this phenomenon may be more pronounced for particle phase alkyl
nitrates32, 146 that were not tested here because they are difficult to synthesize. The averaged total
recovery at 92 ± 11% for simple gas-phase alkyl nitrates in humidified air (RH = 83%) indicates
minimal susceptibility of the purge-and-trap method to hydrolysis and suggests the potential of
this technique for atmospherically relevant air masses, which often exist at high relative
humidities and where simple alkyl nitrates are the dominant fraction of ΣANs.

Future work should investigate the recovery of isoprene and terpene derived organic nitrates that
are significantly more likely to hydrolyze in the condensed phase.147 Reliable quantification of
these less volatile organic nitrates using TD-CRDS with preconcentration may improve current
understanding of hydrolysis from these compounds and their role in the reversible and permanent
removal of NOx in the atmosphere.
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4.11 Conclusion
GC-TD-CRDS with preconcentration is a new method developed to detect individual alkyl
nitrates separated from a mixture. The average total recovery of several synthesized alkyl nitrates
separated and analyzed using this set-up with dry and humidified (83% RH) carrier gas was 99 ±
5% and 92 ± 11%, respectively. The minimal effect of humidified air on preconcentration of
alkyl nitrates described in this chapter suggests the potential for retention of other biogenically
derived or multifunctional organic nitrates in varying humidity conditions. This is encouraging
and potentially important for future quantitative measurements of speciated and total sum of
alkyl nitrates in complex mixtures such as those found in ambient air.
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Chapter Five: Measurements of total alkyl nitrate concentration by TD-CRDS with Tenax
preconcentration during the Ozone-Depleting Reactions in a Coastal Atmosphere (ORCA)
2015 field campaign

5.1 Introduction
Low molecular weight alkyl nitrates (<C5) are important NOz species in the layer above the
ocean waters otherwise referred to as the marine boundary layer (MBL), as oceans are a primary
source.31, 33 However, they are also expected to be present in much lower concentrations than in
urban or polluted environments where they are produced as a side product of photochemical O3
production. Measurements of alkyl nitrates in the marine boundary layer is of interest in relation
to influence from long range transport of pollutants and the overall combined impacts on air
quality from both marine and terrestrial sources. Low concentration of alkyl nitrates in the MBL
serve as a suitable location for assessment of the Tenax preconcentrator for enhanced alkyl
nitrate detection using TD-CRDS.

Several groups have reported measurements of short chain alkyl nitrates in the MBL.16,
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However, these studies focused on quantifying specific alkyl nitrates or the sum of a select few
alkyl nitrates. This approach is not comprehensive in terms of constructing an alkyl nitrate or
NOy budget which would be better elucidated on the basis of a total alkyl nitrate (∑ANs)
measurement. TD-CRDS with preconcentration could be a suitable technique for such
measurement. To the best of my knowledge, such a study has not been reported in literature to
date. From the enhanced signals observed during desorption of alkyl nitrates from laboratory
experiments described in chapter 3, enhanced detection of these species in low abundances may
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be achievable with a Tenax preconcentration unit. In fact, this is the first attempt to quantify
∑ANs in ambient air using a TD-CRDS coupled to a preconcentration unit. This may be of
importance for rural environments as improved ∑ANs detection can allow for better
understanding of the roles and sources of these species.

This chapter outlines the first deployment of the TD-CRDS coupled to a quartz Tenax
preconcentration unit for ambient measurement of ∑ANs as part of the Ozone-depleting
Reactions in a Coastal Atmosphere (ORCA) campaign. The Osthoff group deployed a suite of
instruments (Table 5.1) housed in a mobile laboratory between July 6 – 31, 2015 for
investigation of nocturnal O3 depletion events (ODEs) at a remote marine environment.148

Table 5.1 Measurements in the Osthoff group mobile lab.
Manufacturer/model or
Species

Method
Reference
Paul et al.85

NO2, NOx, ΣPNs

TD-CRDS

Paul and Osthoff.95
Odame-Ankrah et al.94

ΣANs

TD-CRDS with preconcentration

Current work

NO, NOy

NO-O3 chemiluminescence

Thermo 42i

O3

UV absorption

Thermo 49i

VOCs

GC-Mass Spectrometry

Griffin 450
Slusher et al.149

ClNO2

Iodide ion chemical ionization mass spectrometry
Mielke et al.150
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PAN, PPN,
GC-ECD

Tokarek et al.151

Spectral radiometry

Metcon

MPAN
Photolysis
frequencies
Aerosol size

Scanning mobility particle sizing (SMPS)

distributions

And aerodynamic particle sizer (APS)

NO2, I2, OIO

Cavity-enhanced absorption spectroscopy

Custom instrument

Met data

Various

Vaisala WXT520

TSI

The main motivation of this campaign was to investigate the causes of nocturnal O3 depletion
events that regularly occur at the Amphitrite Point Observatory (APO) in Ucluelet, British
Columbia, Canada.152 This site is largely unperturbed by upwind pollution and associated
photochemical O3 and alkyl nitrate production. ΣANs measurements were made primarily to
assess the TD-CRDS with preconcentration technique. In the following sections, measurements
of NO2, NOx, and ∑ANs obtained by TD-CRDS are presented. Further, the role of the Pacific
Ocean as a source of alkyl nitrates and the relation of the detected ∑ANs to O3 is described.

5.2 Site description
The mobile laboratory was situated at the APO (latitude 48.92° N and longitude 125.54° W) on
the south west coast of Vancouver Island. This ground based marine background monitoring site
was established in 2010 in partnership with the BC Ministry of Environment and Environment
Canada to monitor influx of atmospheric pollutants to the boundary layer or air masses
transported from non-local sources. It is also the site of recent studies on nocturnal ozone
depletion,152 ice nucleating particles,153, 154 and cloud condensation nuclei.155
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Figure 5.1 a) Map of Western North America and b) of Ucluelet including the APO where the
University of Calgary mobile laboratory (marked as a red x) was located. The image (b) is
adapted from Google Maps.

The station is immediately east and north of the Pacific Ocean and is located south of the town of
Ucluelet directly west of major metropolitan regions including Vancouver, Abbotsford, and
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north west of Victoria and Seattle (Figure 5.1). The site is also amid popular tourist attractions
and therefore frequent traffic. It is also occasionally impacted by marine vessel emissions.

5.3 Instrumentation and methodology
The mobile laboratory was stationed at the APO which is approximately 20 m above sea level
and less than 100 m from the high tide line of the Pacific Ocean. The mobile laboratory was airconditioned to compensate for all heat generating instruments. The suite of instruments included
TD-CRDS (with preconcentration unit), O3 analyzer (Thermo Scientific 49i), and a total odd
nitrogen chemiluminescence analyzer (Thermo Scientific 42i). Metrological parameters were
measured by a weather station (Vaisala WXT520) secured at the roof of the mobile laboratory,
approximately 5.2 m above ground. Other instruments for gas and particle phase measurements
deployed for the ORCA campaign are described by Tokarek et al.148For the purpose of this
thesis, only the operation of TD-CRDS for measurement of NO2, NOx, ∑PNs, and ∑ANs will be
described.

5.3.1 Inlet setup
The inlet was mounted atop the mobile laboratory and consisted of a network of Teflon tubing
and fittings for delivery of calibration gases, zero air, and if desired, an alkyl nitrate standard
(IPN), as presented in Figure 5.2. Delivery of calibration gases was controlled using two-way,
normally open valves connected to a vacuum pump in a similar way as described by OdameAnkrah et al.94
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Figure 5.2 Inlet configuration for the ORCA campaign.

Ambient air was sampled at a total sampling flow rate of 14.5 slpm. A diffusion source
containing the IPN standard was attached to the main inlet line for one day (July 27th), but
remained detached for majority of the ORCA campaign. Data were collected from July 8 – 31,
2015.

5.3.2 Instrumental background
In a remote and relatively “clean” environment, it is particularly important to have confident
instrumental background measurements to quantify low concentrations. The source of zero air
(from which NOx and VOCs are removed) during the field campaign alternated between ultradry zero air from the cylinder and artificially generated zero air from air through charcoal and
potassium permanganate scrubbers as described in section 2.1.5. The delivery of zero air for
determination of instrumental background was automated using a LabVIEW program.

5.3.3 Calibration of NOx response
Hourly span checks of the TD-CRDS was achieved by O3 titration of NO delivered automatically
(programmed in LabVIEW) from a standard gas cylinder (Scott-Marrin, 1.96 ppmv in N2). To
achieve multiple point calibration, the amount of NO delivered also varied daily by adjusting the
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flow settings. Based on the relative flows, the output NO2 concentration can be calculated (as
discussed in section 2.1.6).

Figure 5.3 TD-CRDS time series showing typical calibration and preconcentration sequence.
Addition of NO/NO2 calibration gases are denoted as A (Scott-Marrin, 100.2 ppmv NO in N2)
and B (Scott-Marrin, 1.96 ppmv NO in N2), each delivered for four minutes every hour at 25
minutes (high NO) and 52 minutes past the hour. Background colours indicate 30 minute
preconcentration cycles including a 945s of preconcentration (blue), 120s minute desorption
(red), and a 735s recovery (yellow) during which zero air was sampled every other hour. Arrows
indicate desorption signal (spike in the ΣANs channel). Every desorption and addition of 1.96
ppmv calibration gas (B) was performed on top of zero air.
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5.3.4 Field operation of quartz Tenax preconcentration unit
Prior to deployment to the field, the preconcentration unit was preconditioned with Helium at
elevated temperatures as described in section 3.2.1. The operation of the Tenax preconcentration
unit for the entire duration of the ORCA campaign was similar to what was described in section
4.3.2 except for the additional flow of inert N2 during recovery. A flow of N2 at a rate of 4 sccm
was implemented to recondition the Tenax trap prior to the following preconcentration cycle.
This was done as a precautionary measure to minimize oxidative aging of the Tenax adsorbent.

Preconcentration cycles (example shown in Figure 5.3) were extended (to a total of 30 minutes)
to include a 945s sampling time (at 25 ºC) followed by 120s desorption (180 ºC) and 735s
recovery (cooling down period) under a flow of inert N2. The extended sampling and recovery
times (compared to laboratory applications) was necessary for addition of zero air and calibration
gases used to cross calibrate other instruments in the mobile laboratory.

5.3.5 Calculation of ΣANs mixing ratios
The ΣANs mixing ratio for each preconcentration cycle was determined from the area under the
desorption peaks which were computed using the “areaxy” function in Igor. The resulting area
(ppbv

s) was converted to a mixing ratio by dividing with the amount of time the ambient

sample was preconcentrated for (945 s). The resulting value (in units of ppbv) was then
multiplied by the preconcentration factor, which takes into consideration the flows of the CRDS
channels (f1 to f4), total purge flows (fpurge), sample flow (fsampling), and alkyl nitrate recovery 0.96
(assumed to be consistent for all alkyl nitrates). Typical sample flows are shown in Table 5.2.
Flows in the CRDS channels (f1 to f4) and sampling flow (fsampling) were set by mass flow
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controllers and purge flows (fpurge1 + fpurge2) were measured offline. This correction factor was
approximately equal to 6.

(5.1)

Table 5.2 Typical flows used in equation 5.1.
Term

Designation

Flow (slpm)

f1

ΣANs channel

0.6963

f2

ΣPNs channel

0.6863

f3

NOx channel

0.6806

f4

NO2 channel

0.6908

fpurge1

Mirror purge

0.3866

fpurge2

Mirror purge

0.0828

fsampling

Preconcentration trap

0.400

The TD-CRDS logs its sample flows, such that the correction factor was calculated easily. The
flows in each of the four channels (f1 to f4) differed slightly in the field and were generally lower
compared to operation in the laboratory (Table 3.1). An additional purge flow (fpurge2) was
included due to addition of a fifth channel in the field (results not used here).
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5.4 Results and analysis
Figure 5.4 shows three pronounced plume observations on a background of 1 ppbv NO2.
Potential sources of NO2 in the vicinity included emission from marine vessels which often
passed by the coast near the sampling site.

Figure 5.4 TD-CRDS time series showing NO2 mixing ratios from ambient air with influence
from three consecutive ship plume and/or vehicular emission events. Zeroing events are
represented by the arrow at approximately 16:59 and 17:16 UTC. Background colours indicate
preconcentration (blue), desorption (red), and recovery (yellow) stages.

The following section will focus on the data collected from July 17 -31, 2015 as the quartz Tenax
preconcentration unit was installed between this time.

5.4.1 NO2, NOx and O3
Concentrations of NO2, NOx, ∑PNs, and ∑ANs were averaged to 30 s from 8 Hz raw data and
O3 from 0.10 Hz raw data. Figure 5.5 shows the time series of NO2 and NOx mixing ratios
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measured by TD-CRDS and of O3 mixing ratios by the Thermo analyzer. Observed O3 mixing
ratios ranged from 3 ppbv to 40 ppbv with a maximum mixing ratio of 40.7 ppbv on July 18 and
a minimum of 0.5 ppbv on the night of July 18. The highest NOx mixing ratio of 22 ppbv (of
which 12.8 ppbv was NO2) was observed on July 24 in the early afternoon at 14:00 local time.
This was likely due to local traffic emissions as meteorological data showed winds from the
southeast (Figure 5.9), which is where a parking lot was located.

Figure 5.5 Time series of NO2, NOx, and O3 from July 17-31, 2015. The background colouring
represents day (pale yellow) and night (grey), respectively. The dates and times are in local time
(Pacific Daylight Saving Time, PDST).

The time of day dependence of NO2 and NOx are shown in Figure 5.6. Throughout the ORCA
campaign, NO2 and NOx mixing ratios typically increased in the morning just before sunrise with
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a peak normally around 07:00 local time. Higher afternoon NOx mixing ratios can be attributed
to local emission sources, from increased traffic (from the east) to the attractions in the vicinity.
Minimal NO2 mixing ratios were often detected around 19:00 local time, with a slow buildup
towards the evening likely due to formation of the stable nocturnal boundary layer, characterized
by reduced turbulence and vertical mixing.

Figure 5.6 diurnal profiles of NO2 (green) and NOx (orange) from July 17-31, 2015 of the
ORCA campaign. Solid line indicates the median whereas the shaded region represents the 25th
and 75th percentiles.
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Ambient mixing ratios of NO2 and NOx exhibited a log normal distribution function (Figure
5.7).156 Table 5.2 summarizes statistical parameters calculated (geometrical mean and arithmetic
mean) from or fitted to (ln µg, ln σg) the observed data. The two parameters from the log normal
distribution fit are geometric mean (µg) and standard geometric deviation (σg).

Figure 5.7 Histogram of a) NO2 and b) NOx data from the ORCA campaign with a log normal
distribution fitted in red for NO2 and blue for NO
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Table 5.3 Statistical parameters calculated from (geometrical mean and arithmetic mean) or fitted to (ln µ g, ln σg) the observed NO2
and NOx data.
Geometric mean

Arithmetic mean

Number
Ln(µg)

Ln(σg)

µg

σg

(pptv)

(pptv)

(ppbv)

(ppbv)

of points

NO2

0.358

0.732

23161

- 0.863 ± 0.076

1.259 ± 0.044

422 ± 32

3.52 ± 0.15

NOx

0.442

0.844

23161

- 0.389 ± 0.045

1.376 ± 0.021

678 ± 28

3.95 ± 0.08
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O3 exhibited a “textbook” diurnal pattern (Figure 5.8) of daytime rise until an afternoon maxima
followed by a decline in the late afternoon.

Figure 5.8 Diurnal profile of O3 July 17-31, 2015 of the ORCA campaign. Solid line indicates
the median whereas the shaded region represents the 25th and 75th percentiles.

5.4.2 ΣANs
There was a consistent background of 20 pptv ∑ANs observed throughout the duration of the
ORCA campaign, as shown in the times series in Figure 5.9. Also included in the time series are
local meteorological conditions. Abrupt and rapid decrease in ΣANs mixing ratios during the day
is coincident with onset of high wind episodes. Higher signals observed from July 26th to 27th
(local time) were due to influence from a leaking IPN diffusion source.
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Figure 5.9 Time series of ∑ANs mixing ratios measured by TD-CRDS with preconcentration
and meteorological parameters for July 17 -31, 2015 of the ORCA campaign. Met data include
relative humidity (%), wind speed (m/s), wind direction (degrees), and temperature (°C). The
background colouring represents day (pale yellow) and night (grey).

The ∑ANs mixing ratios observed from July 17-31, 2015 at the APO site showed a daytime and
night-time average of (40 ± 3) pptv and (29 ± 3) pptv, respectively. The ∑ANs exhibited a weak
diurnal profile (Figure 5.10) accompanied by a daytime peak (around noon local time) and a
minimum before sunrise. With a diurnal trend that is coherent with solar illumination, ∑ANs
ratios were also lower at night-time. The decline of alkyl nitrates typically starts in the afternoon.
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Figure 5.10 Diurnal profile of ΣANs mixing ratio (pptv) at Ucluelet reported as medians for
each hour of the day (local PDST time) from July 17 – 31, 2015. Shaded (grey) region represent
the 25th and 75th percentiles. Hourly median wind speed (blue) and temperature (red) data are
also presented. Photolysis frequency for NO2 or j(NO2) is presented in green.

The observed ∑ANs diurnal profile correlates better with the NO2 photolysis rates or j(NO2) than
with temperature. It is important to note that correlation of temperature with j(NO2) does not
imply causation. The effect of temperature in relation to primary emission of ∑ANs and the
relationship between j(NO2) in terms of photochemical production are addressed separately (see
discussion below).

5.4.2.1 Transport of primary oceanic alkyl nitrates
The origin of alkyl nitrates can be proportioned in relation to wind direction, shown as a rose plot
in Figure 5.11. Data from July 26-27 (influenced by leaking IPN) were removed from the input
for generation of the rose plot, which shows fractionated alkyl nitrates with respect to the
direction it originated from.
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Figure 5.11 Rose plot showing percentage of alkyl nitrates at various mixing ratios (pptv) with
respect to different wind directions.

The size of the pedals in Figure 5.11 corresponds to the amount of alkyl nitrates from one
particular direction and the colour coding is specific to the concentration range of alkyl nitrates.
Figure 5.11 shows that more ΣANs observations were due to local winds from the west (270 o),
indicating a marine source of emitted alkyl nitrates from the Pacific Ocean (Figure 5.1).

5.4.2.2 Photochemical production of alkyl nitrates at APO
Occasionally, ∑ANs mixing ratios were enhanced by photochemistry under favorable conditions
in combination with low RH and high temperature such as observed on July 18 (Figure 5.9).
Figure 5.11 also shows a small portion of the detected ∑ANs which were east (90o) and south
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east (135o) in origin. The highest ∑ANs mixing ratios (shown as the black edge of the pedal in
Figure 5.10) detected during the ORCA campaign were observed with winds from this sector.
Transport of air mass from these directions carries biogenic hydrocarbon precursors (including
α- and β-pinene)148 that favor secondary production of alkyl nitrates, as speculated for July 18 in
Figure 5.9.

5.4.3 Correlation of ∑ANs with photochemical O3 production
A correlation of O3 and ∑ANs is expected when they are both produced photochemically in situ
(as opposed to emitted from primary oceanic sources and transported to the measurement site).
Figure 5.12 shows the time series of ∑ANs superimposed with that of Ox (=O3+NO2) mixing
ratios. Mixing ratios of Ox is plotted here to account for O3 lost to NO titration.

Figure 5.12 Time series of ∑ANs (red) and Ox (black) from July 17-31, 2015 of the ORCA
campaign.
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Aside from the day of July 18th, the observed ∑ANs weakly correlated with Ox from July 17-31st
of the ORCA campaign. The day with the most pronounced Ox and ∑ANs correlation (July 18th,
2015) is shown in Figure 5.13.

Figure 5.13 Time series of ∑ANs (red) and Ox (black) for July 18 of the ORCA campaign. Met
data include relative humidity (%), wind speed (m/s), wind direction (degrees), and temperature
(°C). The background colouring represents day (pale yellow) and night (grey).

Rosen et al. (2004)46 have plotted Ox against ∑ANs as part of their analysis of alkyl nitrates and
O3 from a field study conducted at La Porte, Texas. The same analysis produced for the ORCA
campaign is shown in Figure 5.14.

116

Figure 5.14 Ox mixing ratios in correlation to observed ∑ANs mixing ratios (slopes ± 1 standard
deviation) on (a) July 18, the day with enhanced photochemistry, (r = 0.69) and (b) the entire
ORCA campaign between July 17-31, 2015 when winds were mainly westerly in origin (R =
0.19). Panel (c) shows the comparison of Ox and ∑ANs for specific periods throughout the day:
local morning (09:00-12:00) and afternoon (14:00-18:00).

The lack of correlation corroborates that the detected ∑ANs are mainly primary in origin, likely
emitted directly from the Pacific Ocean to the west, the most prominent wind direction
experienced for the entire ORCA campaign (as shown in Figure 5.9 and the rose plot in Figure
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5.11). With the exception of July 18, the observed ∑ANs were not secondary or produced
photochemically as was the detected O3.

5.5 Figures of merit
A representative preconcentration sequence collected during ORCA is shown in Figure 5.15.

Figure 5.15 TD-CRDS time series showing a typical 30 minute sequence including 15 minutes
of preconcentration (blue), 2 minute desorption (red), and 13 minute recovery (yellow). The
arrows indicate zeroing events. Both the desorption and addition of calibration gas (12:52:3012:56:30) was accomplished on top of zero air.

There was a considerable enhancement in the alkyl nitrate signal (S) to noise (N) ratio following
desorption from the preconcentrator assembly compared to the direct measurement. For the
sample sequence collected at 8 Hz shown in Figure 5.15, the desorption signal increases to a
maximum height of 2.69 ppbv relative to a baseline that is centered around zero and has a
standard deviation of 0.16 ppbv. Assuming that all forms of noise can be quantified in form of a
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precision of a repeated measurement (which it cannot as will be discussed further below), these
values give a S/N ratio of ~16.8. Note that peak height is used here for simplicity since the
analytical signal used in the final analysis is the area under the curve (see section 5.3.5). The
average signal of the direct measurement during preconcentration was 0.43 ppbv with a standard
deviation of 0.17 ppbv, which gives a S/N ratio of ~2.7.

When ambient air concentrations of analytes are changing only slightly over time (a reasonable
assumption for AN), the S/N ratio can be improved through signal or (boxcar) averaging until the
point when instrument and/or sample concentration drift begin to dominate. Werle et al.157
presented a methodology to determine the optimum signal averaging time and suggested
performing an Allan Variance analysis. In this analysis, the variance of an averaged signal is
plotted against integration or averaging time. Initially, the variance will decrease (as expected
from the "textbook" 1/√n improvement for Gaussian noise) until it reaches a minimum (which
signals the optimum averaging time) before it will increase again because of drift.

An example of Allan variance analysis is shown in Figure 5.16. To generate this particular plot,
data during a time period when the TD-CRDS sampled zero air were used. During this period,
the optimum signal averaging time is limited by instrument (as opposed to sample) drift. The
optimum signal averaging time varied but was generally on the order of ~10 s, even when
averaging ambient air signals, which indicates that instrumental drift was a dominant source of
noise. The optimum averaging time observed here was shorter and noise levels higher than those
(60 s, 10-4 ppbv2) observed by Paul and Osthoff.95 in earlier laboratory experiments on the same
instrument operated with only two channels, for reasons that are unclear.
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Figure 5.16 Allan variance analysis of the zeroing period beginning at 12:45:45 in Figure 5.15.

Superimposed in Figure 5.15 are data averaged to 10 s (the optimum averaging time determined
by Allan variance analysis). Averaging improves the standard deviation of the direct
measurement from 0.17 ppbv to 0.07 ppbv and the S/N ratio from 2.7 to 6.1 when sampling
ambient air. When sampling zero air, the standard deviation of repeated measurements improves
from 0.16 ppbv to 0.05 ppbv. Because the desorption signal is transient, it cannot be averaged
in the same manner without distorting its peak height and shape. However, even without postdata acquisition treatment the purge and trap method is achieving a higher S/N ratio (16.8 > 6.1).

Up to this point, only the precision of repeated measurements was considered, yet other types of
noise exist that are more challenging to quantify though easy to visualize. The ΣANs
concentration is calculated by subtracting two (potentially quite large) signals - the signals
collected in the ΣANs+ΣPNs+NO2 and the ΣPNs+NO2 channels. During the direct measurement
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(preconcentration) period shown in Figure 5.15 (from 12:30 to 12:45) the ΣPNs+NO2 channel
recorded a larger signal than the ΣANs+ΣPNs+NO2 channel, suggesting the sum is less than its
parts, a physical impossibility for concentrations. In this instance, the direct measurements were
precise yet highly inaccurate (and clearly below any reasonably defined limit of detection). One
possible (though unconfirmed) reason for this discrepancy is unequal transmission of NO2
through the quartz tubing, which were heated to different temperatures (250 ° C and 450 °C,
respectively). Intermittent losses of NO2 have been observed occasionally by other group
members; this phenomenon is currently poorly understood (as it generally does not reproduce
well) but does depend on a particular quartz tubing's sampling history. In contrast, the desorption
signals in both channels do not appear to be affected by such artifacts as was demonstrated in
chapter 4, where the ΣAN signal can be quantitatively recovered in the presence of peroxyacyl
nitrates (i.e., ΣPN). Ultimately, the accuracy of the TD-CRDS with preconcentration method is
limited by the knowledge of the recovery of alkyl nitrates from the trap, in particular of larger
molecules such as the isoprene and terpene nitrates that are prone to hydrolysis. 147,
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Fortunately for this study, isoprene and terpene derived nitrates are not expected to be abundant
in a marine environment.

The limits of detection and quantification of an analytical method are most commonly defined as
3 and 10 times the standard deviation of a blank analysis (divided by the slope of the calibration
curve, if necessary). In cases where a blank does not result in a quantifiable signal (as is the case
here), it is common practice to substitute the standard deviation of repeated analyses of a lowconcentration sample for that of a blank analysis.159
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Table 5.4 summarizes averages (μ), number of data points (n), standard deviations (sobs), and
relative standard deviations (RSD) of consecutive nocturnal measurements during ORCA. Nighttime data were selected not only because the mixing ratios were very low, but also because of the
expectation that mixing ratios were not changing quickly (e.g., due to photochemical
production). The standard deviation varied between nights. Large standard deviation values are
in all likelihood associated with real changes in atmospheric composition (as opposed to
instrumental noise alone), though it is not clear how much such changes actually contributed to
the observed changes in consecutive measurements. In one instance (second half of the night of
July 28, 2015), the standard deviation was 2.3 pptv, considerably lower than the nocturnal
average of ~8.4 pptv. Assuming that the difference is due to real changes in atmospheric
composition, the limits of detection and quantification are estimated at 7 and 23 pptv,
respectively. On the other hand, if one (more conservatively) assumes that the observed standard
deviation is mainly due to instrumental noise, the limits of detection and quantification are
estimated at 18 and 59 pptv, respectively.
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Table 5.4 Summary of the average ΣANs mixing ratios (μ), and standard deviation (sobs),
number of points (n) and relative standard deviations (RSD) of consecutive nocturnal
measurements during ORCA
Night

n

μ

sobs

(pptv)

(pptv)

RSD

20-Jul-15

10

38.8

9.9

25.5%

22-Jul-15

15

25.7

8.9

34.6%

23-Jul-15

14

25.2

12.7

50.4%

24-Jul-15

13

29.5

9.2

31.2%

25-Jul-15

15

35.2

7.3

20.7%

26-Jul-15

15

25.1

7.6

30.3%

27-Jul-15*

8

144.8

8.3

5.7%

28-Jul-15

17

31.9

5.9

18.5%

28-Jul-15**

9

30.9

2.3

7.4%

29-Jul-15

18

36.7

11.6

31.6%

30-Jul-15

18

26.4

10.7

40.5%

31-Jul-15

17

33.4

6.7

20.1%

* A constant amount of IPN was added to the air sampled during this night.
** only data from second half of the night were included in the calculation.
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Either way, the LOD and LOQs are a considerable improvement over the direct measurement,
for which the (1s, 1σ) precision under more favorable laboratory conditions was reported as 60
pptv,95 translating as limits of detection and quantification of 180 and 600 pptv, respectively.

Figure 5.17 shows the newly determined LOD from the TD-CRDS coupled to Tenax
preconcentration unit for ambient measurement of ∑ANs. The new limit is within the range of
ambient mixing ratios of alkyl nitrates in remote regions.

Figure 5.17 Comparing current LOD of TD-CRDS with preconcentration to the typical range of
ambient mixing ratios (collected as sum of select alkyl nitrates). Pale grey bars indicate previous
field studies and measurements of ∑RONO2 described in section 1.8 and the darker bar is the
measurements of ∑ANs in Ucluelet, B.C. from the ORCA 2015 campaign.
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5.6 Discussion
5.6.1 Improved LOD and LOQ for ambient measurement of ∑ANs in remote regions
This work describes the first ambient measurements of ∑ANs using TD-CRDS coupled to a
Tenax preconcentration unit. The addition of the preconcentration unit allowed enhanced
detection of ∑ANs with high sensitivity such as an improved S/N of 16.8 in the ∑ANs channel.
The LOD and LOQ are 7 pptv and 23 pptv, respectively. This technique is therefore practical for
ambient ∑ANs measurements, particularly in remote regions where ∑ANs mixing ratios are
small. Continuous efforts are required to further improve the sensitivity that may be required for
the cleanest and remote locations such as Mauna Loa, HI (Figure 5.17).

While long sampling times may be desirable for field measurements, this is also a limitation of
the TD-CRDS coupled to preconcentration in the current campaign, as the 30-minute
preconcentration cycles would only permit two data points every hour. This can be significantly
improved if multiple preconcentration units were installed and operated in series. The advantages
of this proposed setup is manifolds; enhanced lifetime of each trap, and continuous sampling and
desorption that can be staggered such that while one trap is in desorption mode, the next trap can
sample and preconcentrate. Depending on the length of each preconcentration cycle and the
number of traps, the desorption can be continuous and therefore enhance time resolution.

5.6.2 Observation of ∑ANs at APO using TD-CRDS with preconcentration
The TD-CRDS coupled to a quartz Tenax preconcentration unit was deployed from July 17-31,
2015 for the ORCA 2015 campaign in Ucluelet, B.C. Canada. Ambient ∑ANs mixing ratios
125

averaged to 30 s showed a daytime and night-time average (± standard deviation) of 40 ± 3 pptv
and 29 ± 3 pptv, respectively. Several reasonable explanations for the detection of lower gasphase ∑ANs mixing ratios at night could be due to multi-phase processes including uptake by
cloud-water, aerosol, and by dry deposition.21 The gas-phase processes are expected to be
dominant during daytime whereas the dominant nocturnal process is dry deposition within a
shallow nocturnal boundary layer. This process is also active during daytime but likely masked
by (albeit slow) photochemical production of alkyl nitrates and thermally driven primary
production i.e., release of alkyl nitrates from the ocean surface.

The correlation of observed ∑ANs mixing ratios to temperature (Figure 5.9) is suggestive of
enhanced emission as a function of temperature, indicative of a primary source such as the
Pacific Ocean. This is also consistent with the strong wind profile showing predominantly
westerly winds where a large fraction of the observed ∑ANs originates, typically between 20-50
pptv. Observed ∑ANs resulting from air mass originating in the east and south east contained the
occurrences of highest mixing ratios (> 150 pptv) detected during the entire ORCA campaign
(see Figure 5.11). To some extent, this may represent anthropogenic influence at the remote site
as influx of NOx from polluted regions (metropolitan areas to the east and southeast) may
enhance secondary production of alkyl nitrates from BVOC oxidation. The ability to detect low
mixing ratios is critical for elucidating the ∑ANs budget and its contribution to local NOy and
potential of O3 production from NOx recycled by destruction of alkyl nitrates. This is of
considerable importance for marine and remote environments which are more vulnerable to long
range transport.
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5.6.3 Correlation of observed ∑ANs to O3 at APO
Photochemical production of alkyl nitrates usually correlates with locally produced O3, as both
mechanisms stem from the same VOC and OH radical precursors. The ratio of Ox/ANs (slope of
Figure 5.14) can be an important indicator of the extent of photochemical production of
tropospheric ozone, as have been reported by Rosen et al.46 The observed ∑ANs during the
ORCA campaign showed negligible correlation (r=0.19) to Ox, with the exception of the day
when photochemistry was significant (July 18th) which showed a better correlation (r=0.69). The
slope of 107 for the entire ORCA campaign (Figure. 14b) is not comparable with the slopes
reported by Rosen et al.,46 which were 29 and 41 for morning and afternoon, respectively. This is
likely due to the considerably different environments between the two sites, as the maximum O3
detected at La Porte was approximately 200 ppbv, which is significantly higher than the
maximum value of 40.7 ppbv observed during ORCA.

A maximum ∑ANs mixing ratio of 146 pptv was detected on July 18th, and coincided with the
maximum O3 mixing ratio of 40.7 ppbv. The high O3 mixing ratio may be indicative of enhanced
photochemistry, which was more significant on this day than the remainder of the ORCA
campaign. A combination of meteorological and chemical parameters may have contributed to
the strong agreement between ∑ANs and O3 on July 18 (Figure 5.14), which showed a better
daytime correlation (r=0.69, see Figure 5.14) in comparison to the rest of the campaign. Higher
NOx mixing ratios were also observed at the time when this correlation occurred. enhanced NOx
transported from urban environments such as Vancouver or Seattle (east and south east of
sampling site) could have enhanced secondary production of alkyl nitrates from BVOCs
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oxidation (in presence of NOx). However, synoptic conditions and back-trajectory models are
required to better verify the origin of the transported air mass.

The success of enhanced detection of ∑ANs using TD-CRDS with preconcentration in the
ORCA campaign where background ∑ANs mixing ratios were approximately 40 pptv suggests
promising applications using this technique for ∑ANs detection in remote regions. For regions
with significant photochemistry, the resulting ∑ANs measurements can serve as important
photochemical clocks and tracers of anthropogenic influence on the remote atmosphere.
Determination of Ox/ANs ratio (or the slope in Figure 5.14) in such conditions may be useful for
evaluating air quality and provide a universal comparison among different locations. This may be
more comprehensive than ∑RONO2 measurements, specific to certain precursors, which are not
sufficient in permitting an overall understanding of one specific environment.

5.7 Conclusion
TD-CRDS coupled to a quartz Tenax preconcentration unit was deployed to APO in Ucluelet for
the first ambient measurements of ∑ANs with pre-concentration. The preconcentration trap
showed enhanced detection of alkyl nitrates in a remote region, with high S/N (= 16.8) and
precision yielding subsequent improvement in LOD (7 pptv) and LOQ (23 pptv). Comparison of
observed ∑ANs mixing ratios to meteorological data shows that the alkyl nitrates detected at the
site were emitted from the primary source and is marine in origin. High RH may also attribute to
short lifetime and enhanced wet deposition, a plausible explanation for the low ∑ANs mixing
ratios. Due to the lack of photochemistry and therefore minimal secondary production of alkyl
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nitrates, there was poor correlation between ∑ANs and O3. Anthropogenic influence in this
region is also minimal, but may be of importance for other locations.
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Chapter Six: Thesis summary, conclusion and future outlook
In this work, a purge-and-trap method using a Tenax preconcentration unit coupled to thermal
dissociation cavity ring-down spectroscopy (TD-CRDS) for enhanced detection of alkyl nitrates
was developed. Alkyl nitrates are a class of oxidized nitrogen species which can act as both a
sink and a source of NOx in the troposphere. Alkyl nitrates are relatively long lived nitrogen
oxides that may transport NOx to remote environments where photolysis and hydroxyl radical
oxidation could lead to recycling of NOx and subsequent formation of tropospheric O3. In the
particle phase, alkyl nitrates are prone to hydrolysis which is a way for permanent removal of
NOx from the atmosphere. Here, an improved detection and analysis of these alkyl nitrates is
important for gaining a better understanding of their role on NOx and the total NOy budget in the
atmosphere. Particularly in remote environments where alkyl nitrates exist in low abundances
(pptv), preconcentration is an important method to improve TD-CRDS sensitivity for
quantification of these trace gases.

Tenax preconcentration units were constructed with stainless steel and quartz tubing (chapter 3
and 4). These were coupled to a four-channel TD-CRDS which measured NO2, NOx, the sum of
peroxy nitrates (ΣPNs), and the sum of alkyl nitrates (ΣANs). In chapter 3, the evaluation of
stainless steel preconcentration unit and the effects of potential interfering gases such as
peroxyacyl nitrate (PPN), O3, and NO2 on recovery of an alkyl nitrate standard (i.e., isopropyl
nitrate, IPN) was described. Independent preconcentration and desorption of IPN yielded a
recovery of (96±)1 %. Linearity of the IPN recovery curve suggests no breakthrough was
observed, and is not of concern for atmospherically relevant alkyl nitrate mixing ratios (typically
< 10 ppbv). Results showed negligible effect of simultaneous sampling of O3 and NO2 on IPN
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recovery from Tenax. However, addition of PPN from a photolysis source did reduce IPN
recovery to (74±4)% (Figure 3.9). This was likely due to impurities in the form of organics that
may have been retained on Tenax but would not be present in ambient air. Another limitation of
the stainless steel preconcentrator is an artifact absorption signal at 405 nm that was observed
following desorption of analyte when the preconcentration unit was operated at elevated
temperature (> 180 °C). It is speculated that the persistent artifact signal was due to indirect NO2
formation upon heating of nitric acid treated stainless steel. However, additional analysis is
required to better characterize this signal.

In chapter 4, the development of the first GC-TD-CRDS with preconcentration for detection of
separated alkyl nitrates from a mixture was presented. Separation of multiple synthesized alkyl
nitrates from a mixture was achieved with a 3 m GC preparatory column. Preconcentration of
alkyl nitrates was achieved with a quartz Tenax preconcentration unit, which did not show
positive interference from carry-over or memory effects nor an absorption signal in the
desorption stage as had been observed with stainless steel traps. Successful separation and
speciation of alkyl nitrates were presented as GC-TD-CRDS chromatograms which showed
identical elution patterns as in chromatograms produced by GC-ECD. Installation of a second
two-position or stop-flow valve allowed determination of total recovery of separated alkyl
nitrates that were preconcentrated on Tenax. The sum of the recovery from individually
preconcentrated and desorbed alkyl nitrates sampled in dry and humidified air were of (99±5)%
and (92±10) %, respectively. Reproducible results suggest that TD-CRDS with preconcentration
is a promising technique for enhanced detection of alkyl nitrates in atmospherically relevant and
humidified air masses. Operation of this technique in conjunction with GC separation offers the
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potential to speciate alkyl nitrates from complex ambient mixtures. GC-TD-CRDS also provides
the advantage of identifying individual components and their contribution to the total sum that is
typically measured by TD-CRDS.

In chapter 5, results from the ORCA campaign which was conducted at the Amphitrite Point
Observatory (APO) in Ucluelet, B.C. in July 2015 are shown. This was the first attempt at
quantifying alkyl nitrates from ambient air using a TD-CRDS with a preconcentration setup. The
low alkyl nitrate abundances at the coastal APO monitoring site were a suitable opportunity for
assessment of the preconcentration method. NO2 and NOx levels exhibited a log normal
distribution (geometric mean of 0.358 ppbv and arithmetic mean of 0.732 ppbv for NO2 and
geometric mean of 0.442 ppbv and arithmetic mean of 0.844 ppbv for NOx). High concentrations
were observed with plumes suspected of originating from marine vessels. Diurnal profile of NOx
indicated a maximum during early morning and mid-afternoon enhancements. O3 mixing ratios
exhibited a “textbook” diurnal profile of night-time minima before sunrise with a morning
increase and afternoon maxima. ΣANs mixing ratios were low, with a daytime average (± 1
standard deviation) of (40±3) pptv and night-time average (± 1 standard deviation) of (29 ± 3)
pptv. Higher ΣANs mixing ratios were observed when local meteorological conditions showed
winds from the east, likely due to transport of polluted air mass from metropolitan cities east of
the sampling site. A potential reason for this is the influx of NO x from urban sources, which
might have contributed to photochemical production of alkyl nitrates via BVOC oxidation. For
the entire duration of the ORCA campaign, there was little correlation (r=0.19) between ΣANs
with Ox (=O3+NO2) mixing ratios. The weak correlation suggests that in situ photochemistry was
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a minor alkyl nitrate production pathway at APO. The largest ΣAN source was likely the primary
emissions from the Pacific Ocean.

The key advantage of alkyl nitrate preconcentration in a remote and clean environment such as
the APO monitoring site over direct detection are enhanced limits of detection (7 pptv) and
quantification (23 pptv). The detection limit is within one order of magnitude of state-of-the-art
GC techniques.33 In contrast, a key advantage of TD-CRDS is its ability to provide a
measurement of the sum of alkyl nitrates, which has been a limitation of the conventional GC
technique which is unable to provide an accurate sum as many peaks are too small to quantify
and lack the necessary calibration standards and response factors. Improved ΣANs detection is a
significant advancement towards more reliable quantification and analysis of alkyl nitrates,
particularly in environments where they exist in low concentrations. Another advantage of TDCRDS with preconcentration over conventional GC (though not realized in this work) is that the
preconcentration time can be shortened (and the data frequency increased) in ambient conditions
and when ΣAN concentrations are large.

Several potential avenues are worth exploring for improvement of the TD-CRDS with
preconcentration for ambient measurements of alkyl nitrates. The current setup is restricted by
the length of each preconcentration cycle which allows collection of one data point for every 30
minute cycle. This can be improved if multiple preconcentration units are operated in series such
that when one unit is cooling down during the recovery stage, the next unit can begin to
preconcentrate. Continuous preconcentration and desorption of alkyl nitrates would reduce the
wait times and therefore increase the temporal resolution of the TD-CRDS with preconcentration
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technique. The small signals observed for the more volatile methyl nitrate and ethyl nitrate
(described in chapter 4) may have been due to poor retention of these compounds on Tenax. It is
therefore of interest to examine other potential adsorbents or a combination of adsorbents to
enhance the selectivity of compound adsorption. Carboxen-1000TM may be a suitable alternative,
for it can retain very volatile compounds.136

The application of GC-TD-CRDS with preconcentration for ambient measurement of isoprene
and terpene derived organic nitrates should be examined. In polluted terrestrial environments
these organic nitrates can constitute a substantial portion of NOy20,

160, 161

and are subject to

increased research for their influence on SOA formation and permanent removal of NO x via
hydrolysis in the particle phase. However, speciation of these compounds has not been
intensively studied and their individual contribution to the total sum is rarely reported. GC-TDCRDS with preconcentration may be a useful technique particularly for separating isomers of
isoprene hydroxynitrates (eight in total) which can exist in low ambient concentrations.
Unaffected preconcentration and high recovery of alkyl nitrates sampled in humidified air
(presented in chapter 4) is another area of interest particularly for isoprene and terpene nitrates
that are more prone to hydrolysis.

In future field campaign, the analysis of GC-TD-CRDS with preconcentration data can be
studied further. For example, the enhanced detection of alkyl nitrates in remote regions can be
used to elucidate atmospheric transport patterns of pollutants for alkyl nitrates are pollution
tracers. Additionally, alkyl nitrate mixing ratios can be compared to VOC measurements (e.g., by
GC analysis of their precursors) to provide insight into the chemistry that produces O3 and SOA.
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Overall, the experimental studies and (field) results presented in this thesis suggest that TDCRDS with preconcentration is a suitable technique for achieving enhanced detection of alkyl
nitrates in remote environments.

135

References
1.

R. P. Wayne, Chemistry of atmospheres: An introduction to the chemistry of atmospheres
of Earth, the Planets, and their satellites, Third Edition, Oxford University Press, 2000.

2.

M. Jerrett, R. T. Burnett, C. A. Pope III, K. Ito, G. Thurston, D. Krewski, Y. Shi, E. Calle
and M. Thun, New England Journal of Medicine, 2009, 360, 1085-1095.

3.

C. A. Pope, R. T. Burnett, G. D. Thurston, M. J. Thun, E. E. Calle, D. Krewski and J. J.
Godleski, Circulation, 2004, 109, 71-77.

4.

M. J. Molina and L. T. Molina, Journal of the Air & Waste Management Association,
2004, 54, 644-680.

5.

D. J. Jacob and D. A. Winner, Atmospheric Environment, 2009, 43, 51-63.

6.

L. Jaeglé, L. Steinberger, R. V. Martin and K. Chance, Faraday Discussions, 2005, 130,
407-423.

7.

J. H. Seinfeld and S. N. Pandis, Atmospheric Chemistry and Physics: From Air Pollution
to Climate Change, Wiley, 2012.

8.

C. Song, K. Na and D. R. Cocker, Environmental Science & Technology, 2005, 39, 31433149.

9.

A. G. Carlton, C. Wiedinmyer and J. H. Kroll, Atmospheric Chemistry and Physics, 2009,
9, 4987-5005.

10.

R. J. Park, D. J. Jacob, M. Chin and R. V. Martin, Journal of Geophysical Research:
Atmospheres, 2003, 108.

11.

R. Volkamer, J. L. Jimenez, F. San Martini, K. Dzepina, Q. Zhang, D. Salcedo, L. T.
Molina, D. R. Worsnop and M. J. Molina, Geophysical Research Letters, 2006, 33,
L17811.
136

12.

S. F. Maria, L. M. Russell, M. K. Gilles and S. C. Myneni, Science, 2004, 306, 19211924.

13.

C. L. Heald, D. J. Jacob, R. J. Park, L. M. Russell, B. J. Huebert, J. H. Seinfeld, H. Liao
and R. J. Weber, Geophysical Research Letters, 2005, 32, L18809/18801-L18809/18804.

14.

D. W. Fahey, G. Hubler, D. D. Parrish, E. J. Williams, R. B. Norton, B. A. Ridley, H. B.
Singh, S. C. Liu and F. C. Fehsenfeld, Journal of Geophysical Research: Atmospheres,
1986, 91, 9781-9793.

15.

B. J. Finlayson-Pitts and J. N. Pitts, Science, 1997, 276, 1045-1051.

16.

E. Atlas, Nature 1988, 331, 426-428.

17.

M. P. Buhr, D. D. Parrish, R. B. Norton, F. C. Fehsenfeld, R. E. Sievers and J. M.
Roberts, Journal of Geophysical Research: Atmospheres, 1990, 95, 9809-9816.

18.

H. B. Singh, Environmental Science & Technology, 1987, 21, 320-327.

19.

R. S. Russo, Y. Zhou, K. B. Haase, O. W. Wingenter, E. K. Frinak, H. Mao, R. W. Talbot
and B. C. Sive, Atmospheric Chemistry and Physics, 2010, 10, 1865-1883.

20.

D. A. Day, M. B. Dillon, P. J. Wooldridge, J. A. Thornton, R. S. Rosen, E. C. Wood and
R. C. Cohen, Journal of Geophysical Research: Atmospheres, 2003, 108, ACH7/1ACH7/10.

21.

J. M. Roberts, Atmospheric Environment. Part A. General Topics, 1990, 24A, 243-287.

22.

J. Williams, J. M. Roberts, S. B. Bertman, C. A. Stroud, F. C. Fehsenfeld, K. Baumann,
M. P. Buhr, K. Knapp, P. C. Murphy, M. Nowick and E. J. Williams, Journal of
Geophysical Research: Atmospheres, 2000, 105, 28943-28960.

23.

J. M. Roberts, in Volatile Organic Compounds in the Atmosphere, Blackwell Publishing
Ltd., 2007, pp. 221-268.
137

24.

D. Grosjean, E. Grosjean and E. L. Williams, Journal of the Air & Waste Management
Association, 1994, 44, 391-396.

25.

P. B. Shepson, in Volatile Organic Compounds in the Atmosphere, Blackwell Publishing
Ltd, 2007, pp. 269-291.

26.

R. Atkinson and J. Arey, Chemical Reviews, 2003, 103, 4605-4638.

27.

A. E. Perring, S. E. Pusede and R. C. Cohen, Chemical Reviews, 2013, 113, 5848-5870.

28.

S. B. Bertman, J. M. Roberts, D. D. Parrish, M. P. Buhr, P. D. Goldan, W. C. Kuster, F.
C. Fehsenfeld, S. A. Montzka and H. Westberg, Journal of Geophysical Research:
Atmospheres, 1995, 100, 22805-22813.

29.

M. Hallquist, I. Waengberg, E. Ljungstroem, I. Barnes and K.-H. Becker, Environmental
Science & Technology, 1999, 33, 553-559.

30.

A. H. Goldstein and I. E. Galbally, Environmental Science & Technology, 2007, 41,
1514-1521.

31.

R. G. Fischer, J. Kastler and K. Ballschmiter, Journal of Geophysical Research:
Atmospheres, 2000, 105, 14473-14494.

32.

J. A. Fisher, D. J. Jacob, K. R. Travis, P. S. Kim, E. A. Marais, C. Chan Miller, K. Yu, L.
Zhu, R. M. Yantosca, M. P. Sulprizio, J. Mao, P. O. Wennberg, J. D. Crounse, A. P.
Teng, T. B. Nguyen, J. M. St. Clair, R. C. Cohen, P. Romer, B. A. Nault, P. J.
Wooldridge, J. L. Jimenez, P. Campuzano-Jost, D. A. Day, W. Hu, P. B. Shepson, F.
Xiong, D. R. Blake, A. H. Goldstein, P. K. Misztal, T. F. Hanisco, G. M. Wolfe, T. B.
Ryerson, A. Wisthaler and T. Mikoviny, Atmospheric Chemistry and Physics, 2016, 16,
5969-5991.

33.

K. Ballschmiter, Science 2002, 297, 1127-1128.
138

34.

E. E. Dahl and E. S. Saltzman, Marine Chemistry, 2008, 112, 137-141.

35.

I. J. Simpson, S. Meinardi, D. R. Blake, N. J. Blake, F. S. Rowland, E. Atlas and F.
Flocke, Geophysical Research Letters, 2002, 29, 21-21-21-24.

36.

J. P. Conkle, W. W. Lackey, C. L. Martin and R. L. Miller, 1976.

37.

J. F. Schabron and M. P. Fuller, Analytical Chemistry, 1982, 54, 2599-2601.

38.

C. R. Thompson, G. Kats and R. W. Lennox, Environmental Science & Technology,
1979, 13, 1263-1268.

39.

R. Atkinson, S. M. Aschmann, W. P. L. Carter, A. M. Winer and J. N. Pitts, Jr., Journal
of Physical Chemistry, 1982, 86, 4563-4569.

40.

R. Atkinson, W. P. L. Carter and A. M. Winer, Journal of Physical Chemistry, 1983, 87,
2012-2018.

41.

K. R. Darnall, W. P. L. Carter, A. M. Winer, A. C. Lloyd and J. N. Pitts, Jr., Journal of
Physical Chemistry, 1976, 80, 1948-1950.

42.

J. Arey, S. M. Aschmann, E. S. C. Kwok and R. Atkinson, The Journal of Physical
Chemistry A, 2001, 105, 1020-1027.

43.

R. M. Moore and N. V. Blough, Geophysical Research Letters, 2002, 29, 27/21-27/24.

44.

E. E. Dahl, S. A. Yvon-Lewis and E. S. Saltzman, Geophysical Research Letters, 2005,
32, L20817/20811-L20817/20814.

45.

I. J. Simpson, T. Wang, H. Guo, Y. H. Kwok, F. Flocke, E. Atlas, S. Meinardi, F. S.
Rowland and D. R. Blake, Atmospheric Environment, 2006, 40, 1619-1632.

46.

R. S. Rosen, E. C. Wood, P. J. Wooldridge, J. A. Thornton, D. A. Day, W. Kuster, E. J.
Williams, B. T. Jobson and R. C. Cohen, Journal of Geophysical Research: Atmospheres,
2004, 109, D07303/07301-D07303/07315.
139

47.

N. J. Blake, D. R. Blake, B. C. Sive, A. S. Katzenstein, S. Meinardi, O. W. Wingenter, E.
L. Atlas, F. Flocke, B. A. Ridley and F. S. Rowland, Journal of Geophysical Research:
Atmospheres, 2003, 108, TOP 7/1-TOP 7/16.

48.

F. Flocke, A. Volz-Thomas and D. Kley, Atmospheric Environment. Part A. , 1991, 25A,
1951-1960.

49.

N. J. Blake, D. R. Blake, A. L. Swanson, E. Atlas, F. Flocke and F. S. Rowland, Journal
of Geophysical Research: Atmospheres, 2003, 108, PEM 14/11-PEM 14/13.

50.

C. E. Reeves, J. Slemr, D. E. Oram, D. Worton, S. A. Penkett, D. J. Stewart, R. Purvis, N.
Watson, J. Hopkins and A. Lewis, Journal of Geophysical Research: Atmospheres, 2007,
112.

51.

A. L. Chuck, S. M. Turner and P. S. Liss, Science, 2002, 297, 1151-1154.

52.

R. W. Talbot, J. E. Dibb, E. M. Scheuer, J. D. Bradshaw, S. T. Sandholm, H. B. Singh, D.
R. Blake, N. J. Blake, E. Atlas and F. Flocke, Journal of Geophysical Research:
Atmospheres, 2000, 105, 6681-6694.

53.

R. K. Talukdar, J. B. Burkholder, M. Hunter, M. K. Gilles, J. M. Roberts and A. R.
Ravishankara, Journal of the Chemical Society, Faraday Transactions, 1997, 93, 27972805.

54.

R. K. Talukdar, S. C. Herndon, J. B. Burkholder, J. M. Roberts and A. R. Ravishankara,
Journal of the Chemical Society, Faraday Transactions 1997, 93, 2787-2796.

55.

A. W. Costa, G. Michalski, A. J. Schauer, B. Alexander, E. J. Steig and P. B. Shepson,
Geophysical Research Letters, 2011, 38, L15805.

56.

P. M. Vitousek, J. D. Aber, R. W. Howarth, G. E. Likens, P. A. Matson, D. W. Schindler,
W. H. Schlesinger and D. G. Tilman, Ecological Applications, 1997, 7, 737-750.
140

57.

A. L. Lockwood, T. R. Filley, D. Rhodes and P. B. Shepson, Geophysical Research
Letters, 2008, 35, L15809/15801-L15809/15805.

58.

O. Hertel, J. Christensen, E. H. Runge, W. A. H. Asman, R. Berkowicz, M. F. Hovmand
and O. Hov, Atmos. Environ., 1995, 29, 1267-1290.

59.

J. Kames and U. Schurath, Journal of Atmospheric Chemistry, 1992, 15, 79-95.

60.

W. Luke, R. R. Dickerson and L. J. Nunnermacker, Journal of Geophysical Research:
Atmospheres, 1989, 94, 14905-14921.

61.

J. M. Roberts and R. W. Fajer, Environmental Science & Technology, 1989, 23, 945-951.

62.

S. M. Aschmann, E. C. Tuazon, J. Arey and R. Atkinson, Atmospheric Environment,
2011, 45, 1695-1701.

63.

S. He, Z. Chen and X. Zhang, Environmental Chemistry, 2011, 8, 529-542.

64.

R. Atkinson, Atmospheric Environment. Part A. , 1990, 24, 1-41.

65.

J. D. Rindelaub, K. M. McAvey and P. B. Shepson, Atmospheric Chemistry and Physics,
2014, 14, 3301-3335.

66.

J. D. Rindelaub, K. M. McAvey and P. B. Shepson, Atmospheric Environment, 2015,
100, 193-201.

67.

A. E. Perring, T. H. Bertram, P. J. Wooldridge, A. Fried, B. G. Heikes, J. Dibb, J. D.
Crounse, P. O. Wennberg, N. J. Blake, D. R. Blake, W. H. Brune, H. B. Singh and R. C.
Cohen, Atmospheric Chemistry and Physics, 2009, 9, 1451-1463.

68.

A. E. Jones, R. Weller, A. Minikin, E. W. Wolff, W. T. Sturges, H. P. McIntyre, S. R.
Leonard, O. Schrems and S. Bauguitte, Journal of Geophysical Research: Atmospheres,
1999, 104, 21355-21366.

69.

E. R. Stephens, Eos, Transactions American Geophysical Union, 1987, 68, 89-93.
141

70.

M. Hallquist, J. C. Wenger, U. Baltensperger, Y. Rudich, D. Simpson, M. Claeys, J.
Dommen, N. M. Donahue, C. George, A. H. Goldstein, J. F. Hamilton, H. Herrmann, T.
Hoffmann, Y. Iinuma, M. Jang, M. E. Jenkin, J. L. Jimenez, A. Kiendler-Scharr, W.
Maenhaut, G. McFiggans, T. F. Mentel, A. Monod, A. S. H. Prevot, J. H. Seinfeld, J. D.
Surratt, R. Szmigielski and J. Wildt, Atmospheric Chemistry and Physics, 2009, 9, 51555236.

71.

A. W. Rollins, S. Pusede, P. Wooldridge, K. E. Min, D. R. Gentner, A. H. Goldstein, S.
Liu, D. A. Day, L. M. Russell, C. L. Rubitschun, J. D. Surratt and R. C. Cohen, Journal
of Geophysical Research: Atmospheres, 2013, 118, 6651-6662.

72.

J. H. Kroll and J. H. Seinfeld, Atmospheric Environment, 2008, 42, 3593-3624.

73.

J. L. Jimenez, M. R. Canagaratna, N. M. Donahue, A. S. H. Prevot, Q. Zhang, J. H. Kroll,
P. F. DeCarlo, J. D. Allan, H. Coe, N. L. Ng, A. C. Aiken, K. S. Docherty, I. M. Ulbrich,
A. P. Grieshop, A. L. Robinson, J. Duplissy, J. D. Smith, K. R. Wilson, V. A. Lanz, C.
Hueglin, Y. L. Sun, J. Tian, A. Laaksonen, T. Raatikainen, J. Rautiainen, P. Vaattovaara,
M. Ehn, M. Kulmala, J. M. Tomlinson, D. R. Collins, M. J. Cubison, E., J. Dunlea, J. A.
Huffman, T. B. Onasch, M. R. Alfarra, P. I. Williams, K. Bower, Y. Kondo, J. Schneider,
F. Drewnick, S. Borrmann, S. Weimer, K. Demerjian, D. Salcedo, L. Cottrell, R. Griffin,
A. Takami, T. Miyoshi, S. Hatakeyama, A. Shimono, J. Y. Sun, Y. M. Zhang, K.
Dzepina, J. R. Kimmel, D. Sueper, J. T. Jayne, S. C. Herndon, A. M. Trimborn, L. R.
Williams, E. C. Wood, A. M. Middlebrook, C. E. Kolb, U. Baltensperger and D. R.
Worsnop, Science, 2009, 326, 1525-1529.

74.

Q. Zhang, J. L. Jimenez, M. R. Canagaratna, J. D. Allan, H. Coe, I. Ulbrich, M. R.
Alfarra, A. Takami, A. M. Middlebrook, Y. L. Sun, K. Dzepina, E. Dunlea, K. Docherty,
142

P. F. DeCarlo, D. Salcedo, T. Onasch, J. T. Jayne, T. Miyoshi, A. Shimono, S.
Hatakeyama, N. Takegawa, Y. Kondo, J. Schneider, F. Drewnick, S. Borrmann, S.
Weimer, K. Demerjian, P. Williams, K. Bower, R. Bahreini, L. Cottrell, R. J. Griffin, J.
Rautiainen, J. Y. Sun, Y. M. Zhang and D. R. Worsnop, Geophysical Research Letters,
2007, 34, L13801.
75.

E. R. Stephens, W. E. Scott, P. L. Hanst and R. C. Doerr, Journal of the Air Pollution
Control Association, 1956, 6, 159-165.

76.

E. C. Tuazon and R. Atkinson, International Journal of Chemical Kinetics, 1990, 22,
1221-1236.

77.

D. A. Day, P. J. Wooldridge, M. B. Dillon, J. A. Thornton and R. C. Cohen, Journal of
Geophysical Research: Atmospheres, 2002, 107, ACH 4/1-ACH 4/14.

78.

P. Di Carlo, W. H. Brune, M. Martinez, H. Harder, R. Lesher, X. Ren, T. Thornberry, M.
A. Carroll, V. Young, P. B. Shepson, D. Riemer, E. Apel and C. Campbell, Science,
2004, 304, 722-725.

79.

J. A. Thornton, P. J. Wooldridge and R. C. Cohen, Analytical Chemistry, 2000, 72, 528539.

80.

D. K. Farmer, P. J. Wooldridge and R. C. Cohen, Atmospheric Chemistry and Physics,
2006, 6, 3471-3486.

81.

E. J. Dunlea, S. C. Herndon, D. D. Nelson, R. M. Volkamer, F. San Martini, P. M.
Sheehy, M. S. Zahniser, J. H. Shorter, J. C. Wormhoudt, B. K. Lamb, E. J. Allwine, J. S.
Gaffney, N. A. Marley, M. Grutter, C. Marquez, S. Blanco, B. Cardenas, A. Retama, C.
R. R. Villegas, C. E. Kolb, L. T. Molina and M. J. Molina, Atmospheric Chemistry and
Physics, 2007, 7, 2691-2704.
143

82.

F. Flocke, A. Volz-Thomas, H.-J. Buers, W. Patz, H.-J. Garthe and D. Kley, Journal of
Geophysical Research: Atmospheres, 1998, 103, 5729-5746.

83.

Y. Sadanaga, R. Takaji, A. Ishiyama, K. Nakajima, A. Matsuki and H. Bandow, Review
of Scientific Instruments, 2016, 87, 074102.

84.

P. L. Kebabian, S. C. Herndon and A. Freedman, Analytical Chemistry, 2005, 77, 724728.

85.

D. Paul, A. Furgeson and H. D. Osthoff, Review of Scientific Instruments, 2009, 80,
114101/114101-114101/114108.

86.

H. Fuchs, W. P. Dubé, B. M. Lerner, N. L. Wagner, E. J. Williams and S. S. Brown,
Environmental Science & Technology, 2009, 43, 7831-7836.

87.

H. D. Osthoff, S. S. Brown, T. B. Ryerson, T. J. Fortin, B. M. Lerner, E. J. Williams, A.
Pettersson, T. Baynard, W. P. Dube and S. J. Ciciora, Journal of Geophysical Research:
Atmospheres, 2006, 111.

88.

J. Kastler, W. Jarman and K. Ballschmiter, Fresenius' Journal of Analytical Chemistry,
2000, 368, 244-249.

89.

J. M. O'Brien, P. B. Shepson, K. Muthuramu, C. Hao, H. Niki, D. R. Hastie, R. Taylor
and P. B. Roussel, Journal of Geophysical Research: Atmospheres, 1995, 100, 2279522804.

90.

S. M. Aschmann, J. Arey and R. Atkinson, The Journal of Physical Chemistry A 2001,
105, 7598-7606.

91.

P. Giacopelli, K. Ford, C. Espada and P. B. Shepson, Journal of Geophysical Research:
Atmospheres, 2005, 110, D01304/01301-D01304/01312.

144

92.

M. Schneider, O. Luxenhofer, A. Deissler and K. Ballschmiter, Environmental Science &
Technology, 1998, 32, 3055-3062.

93.

P. B. Shepson, K. G. Anlauf, J. W. Bottenheim, H. A. Wiebe, N. Gao, K. Muthuramu and
G. I. Mackay, Atmospheric Environment. Part A. , 1993, 27A, 749-757.

94.

C. A. Odame-Ankrah and H. D. Osthoff, Applied Spectroscopy, 2011, 65, 1260-1268.

95.

D. Paul and H. D. Osthoff, Analytical Chemistry, 2010, 82, 6695-6703.

96.

C. Hao, P. B. Shepson, J. W. Drummond and K. Muthuramu, Analytical Chemistry, 1994,
66, 3737-3743.

97.

F. Kirchner, A. Mayer-Figge, F. Zabel and K. H. Becker, International Journal of
Chemical Kinetics, 1999, 31, 127-144.

98.

F. Zabel, Zeitschrift für Physikalische Chemie 1995, 188, 119-142.

99.

R. D. Thaler, L. H. Mielke and H. D. Osthoff, Analytical Chemistry, 2011, 83, 27612766.

100.

P. Di Carlo, E. Aruffo, M. Busilacchio, F. Giammaria, C. Dari-Salisburgo, F.
Biancofiore, G. Visconti, J. Lee, S. Moller, C. E. Reeves, S. Bauguitte, G. Forster, R. L.
Jones and B. Ouyang, Atmospheric Measurement Techniques, 2013, 6, 971-980, 910 pp.

101.

A. O’Keefe and D. A. G. Deacon, Review of Scientific Instruments, 1988, 59, 2544-2551.

102.

G. Berden, R. Peeters and G. Meijer, International Reviews in Physical Chemistry, 2000,
19, 565-607.

103.

S. S. Brown, Chemical Reviews, 2003, 103, 5219-5238.

104.

K. C. Clemitshaw, Crit. Rev. Environ. Sci. Technol., 2004, 34, 1-108.

105.

R. R. Arnts, Atmos. Environ., 2010, 44, 1579-1584.

145

106.

K. Ostling, B. Kelly, S. Bird, S. Bertman, M. Pippin, T. Thornberry and M. A. Carroll,
Journal of Geophysical Research: Atmospheres, 2001, 106, 24439-24449.

107.

R. Fischer, R. Weller, H. Jacobi and K. Ballschmiter, Chemosphere, 2002, 48, 981-992.

108.

J. W. Grossenbacher, T. Couch, P. B. Shepson, T. Thornberry, M. Witmer-Rich, M. A.
Carroll, I. Faloona, D. Tan, W. Brune, K. Ostling and S. Bertman, Journal of
Geophysical Research: Atmospheres, 2001, 106, 24429-24438.

109.

A. Dirtu, A. Buczyńska, A. L. Godoi, R. Favoreto, L. Bencs, S. Potgieter-Vermaak, R.
M. Godoi, R. Van Grieken and L. Van Vaeck, Environ Monit Assess, 2014, 186, 64456457.

110.

K. Muthuramu, P. B. Shepson and J. M. O'Brien, Environmental Science & Technology,
1993, 27, 1117-1124.

111.

M. Wang, M. Shao, W. Chen, S. Lu, C. Wang, D. Huang, B. Yuan, L. Zeng and Y. Zhao,
Atmospheric Environment, 2013, 81, 389-398.

112.

E. L. Atlas, B. A. Ridley, G. Hubler, J. G. Walega, M. A. Carroll, D. D. Montzka, B. J.
Huebert, R. B. Norton, F. E. Grahek and S. Schauffler, Journal of Geophysical Research:
Atmospheres, 1992, 97, 10449-10462.

113.

H. J. Beine, D. A. Jaffe, D. R. Blake, E. Atlas and J. Harris, Journal of Geophysical
Research: Atmospheres, 1996, 101, 12613-12619.

114.

J. M. Roberts, S. B. Bertman, D. D. Parrish, F. C. Fehsenfeld, B. T. Jobson and H. Niki,
Journal of Geophysical Research: Atmospheres, 1998, 103, 13569-13580.

115.

Z. Ling, H. Guo, I. J. Simpson, S. M. Saunders, S. H. M. Lam, X. Lyu and D. R. Blake,
Atmospheric Chemistry and Physics 2016, 16, 8141-8156.

146

116.

E. Aruffo, P. Di Carlo, C. Dari-Salisburgo, F. Biancofiore, F. Giammaria, M.
Busilacchio, J. Lee, S. Moller, J. Hopkins, S. Punjabi, S. Bauguitte, D. O'Sullivan, C.
Percival, M. Le Breton, J. Muller, R. Jones, G. Forster, C. Reeves, D. Heard, H. Walker,
T. Ingham, S. Vaughan and D. Stone, Atmospheric Environment, 2014, 94, 479-488.

117.

C. A. Odame-Ankrah, University of Calgary, 2015.

118.

K. K. Lehmann, G. Berden and R. Engeln, in Cavity Ring-Down Spectroscopy, John
Wiley & Sons, Ltd, 2010, pp. 1-26.

119.

M. D. Wheeler, S. M. Newman, A. J. Orr-Ewing and M. N. Ashfold, Journal of the
Chemical Society, Faraday Transactions, 1998, 94, 337-351.

120.

J. Scherer, J. Paul, A. O'keefe and R. Saykally, Chemical Reviews, 1997, 97, 25-52.

121.

I. Bridier, F. Caralp, H. Loirat, R. Lesclaux, B. Veyret, K. Becker, A. Reimer and F.
Zabel, Journal of Physical Chemistry, 1991, 95, 3594-3600.

122.

J. Griffiths, M. Gilligan and P. Gray, Combustion and Flame, 1975, 24, 11-19.

123.

X. Chen, D. Hulbert and P. B. Shepson, Journal of Geophysical Research, 1998, 103,
25,563-525,568.

124.

J. Kames, U. Schurath, F. Flocke and A. Volz-Thomas, Journal of Atmospheric
Chemistry, 1993, 16, 349-359.

125.

R. Boschan, R. T. Merrow and R. W. van Dolah, Chemical Reviews, 1955, 55, 485-510.

126.

J. A. Davidson, A. A. Viggiano, C. J. Howard, I. Dotan, F. C. Fehsenfeld, D. L. Albritton
and E. E. Ferguson, The Journal of Chemical Physics, 1978, 68, 2085-2087.

127.

K. Treves, L. Shragina and Y. Rudich, Environmental Science & Technology, 2000, 34,
1197-1203.

147

128.

A. C. Dirtu, A. J. Buczyńska, A. F. L. Godoi, R. Favoreto, L. Bencs, S. S. PotgieterVermaak, R. H. M. Godoi, R. Van Grieken and L. Van Vaeck, Environmental
Monitoring and Assessment, 2014, 186, 6445-6457.

129.

P. D. Goldan, W. C. Kuster, D. L. Albritton and F. C. Fehsenfeld, Journal of Atmospheric
Chemistry, 1987, 5, 439-467.

130.

E. Atlas and S. Schauffler, Environmental Science & Technology, 1991, 25, 61-67.

131.

O. Luxenhofer, E. Schneider and K. Ballschmiter, Fresenius' Journal of Analytical
Chemistry, 1994, 350, 384-394.

132.

J. M. Roberts, D. D. Parrish, R. B. Norton, S. B. Bertman, J. S. Holloway, M. Trainer, F.
C. Fehsenfeld, M. A. Carroll, G. M. Albercook, T. Wang and G. Forbes, Journal of
Geophysical Research: Atmospheres, 1996, 101, 28947-28960.

133.

C. A. McCaffrey, J. MacLachlan and B. I. Brookes, Analyst, 1994, 119, 897-902.

134.

M. R. Ras, F. Borrull and R. M. Marcé, TrAC Trends in Analytical Chemistry, 2009, 28,
347-361.

135.

Y. Fukui and P. V. Doskey, Journal of High Resolution Chromatography, 1998, 21, 201208.

136.

K. Dettmer and W. Engewald, Analytical and Bioanalytical Chemistry, 2002, 373, 490500.

137.

V. Camel and M. Caude, Journal of Chromatography A, 1995, 710, 3-19.

138.

B. Alfeeli, D. Hogg and M. Agah, Procedia Engineering, 2010, 5, 1152-1155.

139.

A. Furgeson, L. H. Mielke, D. Paul and H. D. Osthoff, Atmospheric Environment, 2011,
45, 5025-5032.

148

140.

N. D. Rider, Y. M. Taha, C. A. Odame-Ankrah, J. A. Huo, T. W. Tokarek, E. Cairns, S.
G. Moussa, J. Liggio and H. D. Osthoff, Atmospheric Measurement Techniques, 2015, 8,
2737-2748.

141.

P. A. Clausen and P. Wolkoff, Atmospheric Environment, 1997, 31, 715-725.

142.

J. G. Klenø, P. Wolkoff, P. A. Clausen, C. K. Wilkins and T. Pedersen, Environmental
Science & Technology, 2002, 36, 4121-4126.

143.

J. Walling, J. Bumgarner, D. Driscoll, C. Morris, A. Riley and L. Wright, Atmospheric
Environment, 1986, 20, 51-57.

144.

D. Grosjean, E. Grosjean and E. L. Williams, Environmental Science & Technology,
1994, 28, 167-172.

145.

E. C. Browne, K. E. Min, P. J. Wooldridge, E. Apel, D. R. Blake, W. H. Brune, C. A.
Cantrell, M. J. Cubison, G. S. Diskin, J. L. Jimenez, A. J. Weinheimer, P. O. Wennberg,
A. Wisthaler and R. C. Cohen, Atmospheric Chemistry and Physics, 2013, 13, 45434562, 4520 pp.

146.

S. Liu, J. E. Shilling, C. Song, N. Hiranuma, R. A. Zaveri and L. M. Russell, Aerosol
Science and Technology, 2012, 46, 1359-1369.

147.

K. Hu, A. I. Darer and M. J. Elrod, Atmospheric Chemistry and Physics, 2011, 11, 83078320.

148.

T. Tokarek, D. Brownsey, N. Yordanov, N. Garner, C. Ye, F. Assad, A. Peace, C.
Schiller, R. Mason, R. Vingarzan and H. Osthoff, Atmosphere-Ocean, Submitted 2016
(AO-2016-0026).

149.

D. L. Slusher, L. G. Huey, D. J. Tanner, F. M. Flocke and J. M. Roberts, Journal of
Geophysical Research: Atmospheres, 2004, 109, D19315/19311-D19315/19313.
149

150.

L. H. Mielke, A. Furgeson and H. D. Osthoff, Environmental Science & Technology,
2011, 45, 8889-8896.

151.

T. Tokarek, J. Huo, C. Odame-Ankrah, D. Hammoud, Y. Taha and H. D. Osthoff,
Atmospheric Measurement Techniques, 2014, 7, 3263-3283.

152.

I. McKendry, E. Christensen, C. Schiller, R. Vingarzan, A. M. Macdonald and Y. Li,
Atmosphere-Ocean, 2014, 52, 271-280.

153.

R. H. Mason, M. Si, J. Li, C. Chou, R. Dickie, D. Toom-Sauntry, C. Pöhlker, J. D.
Yakobi-Hancock, L. A. Ladino, K. Jones, W. R. Leaitch, C. L. Schiller, J. P. D. Abbatt, J.
A. Huffman and A. K. Bertram, Atmospheric Chemistry and Physics, 2015, 15, 1254712566.

154.

T. W. Wilson, L. A. Ladino, P. A. Alpert, M. N. Breckels, I. M. Brooks, J. Browse, S. M.
Burrows, K. S. Carslaw, J. A. Huffman, C. Judd, W. P. Kilthau, R. H. Mason, G.
McFiggans, L. A. Miller, J. J. Najera, E. Polishchuk, S. Rae, C. L. Schiller, M. Si, J. V.
Temprado, T. F. Whale, J. P. S. Wong, O. Wurl, J. D. Yakobi-Hancock, J. P. D. Abbatt,
J. Y. Aller, A. K. Bertram, D. A. Knopf and B. J. Murray, Nature, 2015, 525, 234-238.

155.

J. D. Yakobi-Hancock, L. A. Ladino, A. K. Bertram, J. A. Huffman, K. Jones, W. R.
Leaitch, R. H. Mason, C. L. Schiller, D. Toom-Sauntry, J. P. S. Wong and J. P. D.
Abbatt, Atmospheric Chemistry and Physics, 2014, 14, 12307-12317.

156.

P. G. Georgopoulos and J. H. Seinfeld, Environmental Science & Technology, 1982, 16,
401A-416A.

157.

P. Werle, R. Mücke and F. Slemr, Applied Physics B, 1993, 57, 131-139.

158.

A. I. Darer, N. C. Cole-Filipiak, A. E. O’Connor and M. J. Elrod, Environmental Science
& Technology, 2011, 45, 1895-1902.
150

159.

D. C. Harris, Quantitative Chemical Analysis, W. H. Freeman, 2010.

160.

M. R. Beaver, J. M. S. Clair, F. Paulot, K. M. Spencer, J. D. Crounse, B. W. LaFranchi,
K. E. Min, S. E. Pusede, P. J. Wooldridge, G. W. Schade, C. Park, R. C. Cohen and P. O.
Wennberg, Atmospheric Chemistry and Physics, 2012, 12, 5773-5785.

161.

E. Browne and R. Cohen, Atmospheric Chemistry and Physics, 2012, 12, 11917-11932.

151

