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Abstract 

Halogenated compounds that participate in catalytic cycles in the atmosphere can influence 

the fate of chemicals, including ozone (O3), methane, and volatile organic compounds (VOCs) in 

the troposphere. These halogen radicals, in particular atomic chlorine (Cl), can deplete O3 and will 

react rapidly with VOCs. 

Reliable, sensitive, and widely available hydrogen chloride (HCl) measurements are 

important for understanding Cl initiated oxidation in many regions of the troposphere. We 

configured a commercial HCl cavity ring-down spectrometer (CRDS) for sampling HCl in the 

ambient atmosphere and developed validation techniques to characterize the measurement 

uncertainties. The CRDS makes fast, sensitive, and robust measurements of HCl, comparing 

favourably to other techniques for measurement of HCl described in the literature. An ambient 

intercomparison with a standard HCl quantification method showed excellent agreement. 

The same analyzer was used to make continuous HCl measurements in the polluted marine 

boundary layer during the Halifax Fog and Air Quality Study (HaliFAQS). HCl throughout the 

campaign was elevated when high irradiance was observed. Bimodal HCl features in the high 

irradiance days indicated two photochemical processes; (1) morning time photolysis of Cl 

precursors, and (2) midday formation of nitric acid (HNO3) followed by acid displacement onto 

chloride (Cl⁻) containing aerosols. A simple box model was used to estimate peak nighttime nitryl 

chloride (ClNO2) mixing ratios that showed good agreement between measured and simulated HCl 

on 6 days with high irradiance. Modelled estimates on June 18 showed that production of Cl from 

ClNO2 photolysis was 13% as large as production of OH from O3 photolysis when considering the 

full day, and 37% in the morning indicating Cl contributes to oxidative capacity in Halifax. 
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Chlorine containing compounds in the atmosphere can impact air quality, climate, and 

health. Total gaseous chlorine (TClg) measurements can illuminate unknown sources of Cl to the 

atmosphere. Techniques for measuring TClg have been limited to offline analysis of extracted 

filters and do not provide suitable temporal information on fast atmospheric process. High-time 

resolution in-situ measurements of TClg can be captured by combusting ambient air on a catalytic 

platinum (Pt) substrate contained in a high temperature furnace followed by measurement of HCl 

by CRDS. This method depends on the complete combustion of TClg to release Cl atoms that 

readily react with supplied excess propane to form HCl. Complete conversion of the strong 

chlorine-containing bonds found in dichloromethane, 1-chlorobutane, and 1,3-dichloropropene, 

was demonstrated. Breaking these relatively strong C-Cl bonds is a good proof of concept for 

complete conversion of all similar or weaker bonds that characterize all other TClg. We applied 

this technique to both outdoor and indoor environments and measured 2.0–3.5 and 5–18 ppbv of 

TClg, respectively. These measurements were in reasonable agreement with the sum of expected 

HCl from known Cl species. The method validated here is capable of measuring in-situ total Cly 

and has a broad range of applications to make routine TClg measurements in a variety of regions. 

The utility of this novel TClg measurement technique will be crucial to future estimates and 

assessments of chlorinated compounds and their impact on air quality, climate, and health. 

The measurements described above would not be possible without the ability to deliver 

consistent quantities of trace compounds at atmospherically relevant mixing ratios. We 

demonstrated a method by which these compounds can be generated using permeation devices 

(PDs).  We discussed the efficacy of two different calibration techniques, gravimetric and offline 

analysis. We characterized the physical dependence of temperature and showed the emission 

stability of PDs using in-situ online analysis. 
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Chapter 1. 

1. Introduction 
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1.1 Introduction to atmospheric chemistry 

1.1.1 Oxidation chemistry 

The chemistry and fate of trace gases have significant impacts on climate and air quality. 

Oxidative capacity in the atmosphere is what dictates the removal of trace gases. Oxidation is the 

primarily loss mechanism for greenhouse gases (e.g., methane (CH4)) and some toxic gases (e.g., 

carbon monoxide (CO)). The most abundant oxidants in the atmosphere are oxygen (O2), ozone 

(O3), and the hydroxyl radical (OH), with the latter being the major oxidation driving force in the 

troposphere despite being the least abundant of the three. The oxidation of the troposphere is of 

importance as it dictates the fate of all surface emissions. The bond energies for O2 and O3 are 

relatively large compared to OH, and usually only react with radical species with exception to 

epoxidation reactions of O3 adding onto alkenes. In contrast, OH reacts readily with non-radical 

species that have either/both an abstractable hydrogen and a double bond. The dominant source 

of OH in the troposphere is initiated by the photolysis of O3 (R1.1.1), followed by the reaction 

between O(1D) and water (R1.1.2). 

O3 (g) + hv → O2 (g) + O(1D) (g) R1.1.1 

O(1D) (g) + H2O (g) → 2OH (g) R1.1.2 

 

The level of OH in the troposphere is estimated using a steady-state approach including 

sources (e.g., R1.1.1 and R1.1.2) and sinks, and is usually estimated as 1 × 106 molecules cm-3. 

As long as there is O3, water, and light, then there is a myriad of different reactions that can take 

place involving trace gases and OH as the primary oxidant. When NOx (NO + NO2) is added to 

the equation, oxidation chemistry becomes more complex. With enough sunlight, NOx will 

catalytically promote O3 formation via reactions R1.1.3–R1.1.6, using methane as an example 

(M here represents a molecule of air, e.g., N2 or O2). 
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CH4 (g) + OH (g) → CH3 (g) + H2O (g) R1.1.3 

CH3 (g) + O2 (g) + M → CH3OO (g) + M R1.1.4 

CH3OO (g) + NO (g) → CH3O (g) + NO2 (g) R1.1.5 

NO2 (g) + O2 (g) + hv → NO (g) + O3 (g)  R1.1.6 

CH3O (g) + O2 (g) → HCHO (g) + HO2 (g) R1.1.7 

Leading to the net reaction: 

CH4 (g) + OH (g) + 3O2 (g) → HCHO (g) + HO2 (g) + H2O (g) + O3 (g) 

 

R1.1.8 

  

The catalytic formation of O3 from NOx (R1.1.3–1.1.8) is required to maintain the levels of 

OH observed in the troposphere.1 While oxidation reactions with OH is the most important 

globally, oxidation initiated by the chlorine atom (Cl) cannot be neglected.2 Reactions involving 

Cl can be faster for some trace gases that resist oxidation by OH. Chlorine chemistry in 

stratosphere was the primary focus from the 1970s to 1980s and the impacts are well understood. 

There is more uncertainty in chlorine chemistry in the troposphere due the greater complexity 

and lack of understanding on all the chemical processes necessary for constraining all sources 

and sinks. 

1.1.2 Stratospheric and tropospheric chlorine chemistry 

Stratospheric chemistry began when the presence ozone in the upper atmosphere was 

theorized by Hartley in 1881,3 and the mechanisms for ozone behaviour was proposed by 

Chapman in 1930 (R1.2.1 to R1.2.4).4 

O2 (g) + hv → 2O (g) R1.2.1  

O2 (g) + O (g) + M (g) → O3 (g) + M (g) R1.2.2 

O3 (g) + hv → O (g) + O2 (g) R1.2.3 

O3 (g) + O (g) → 2O2 (g) R1.2.4 
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Ozone in the stratosphere is necessary for life as it acts as a filter by absorbing harmful 

ultraviolet radiation before it reaches the earths surface. The catalytic destruction of ozone has 

been observed due to the influence of HOx (H + OH + peroxy radicals),5 NOx (NO + NO2),
6 and 

halogen chemistry.7–10 Halogens from primarily chlorine containing compounds have long since 

been attributed to stratospheric O3 destruction since the mechanism (R1.2.5 to R1.2.7) was first 

hypothesized by Molina and Rowland in 1974.10 

Cl (g) + O3 (g) → ClO (g) + O2 (g) R1.2.5  

ClO (g) + O (g) + hv → Cl (g) + O2 (g)  R1.2.6 

Leading to the net reaction: 

O3 (g) + O (g) → 2O2 (g) 

 

R1.2.7 

Cl impacts on ozone become much more complex in the troposphere, with many more 

competing and ozone producing reactions. In polluted continental and coastal cities, elevated Cl 

emissions have been observed to enhance O3 production.2,11–15 On average, O3 levels are 

enhanced when Cl is present, but this change can be drastically different given the local 

conditions. Ozone peak concentrations changes in continental urban regions can range from -

10.5–27%.13 An increase in Cly emissions in China due to coal combustion was shown to 

increase the monthly average of ozone by 4.1%.15 There is no direct mechanism for why Cl 

oxidation would provide an increase in O3 formation, the uncertainty in observed increase in 

ozone from these modelling studies are possibly a erroneous artifact. OH reactions still dominate 

radical propagation, but the propensity of Cl to initiate radical propagation chains provides more 

opportunities to yield O3. Oxidation chemistry has the greatest impact on the fate of many trace 

gases, but the contributions to tropospheric chemistry involving aerosols that offer a large 

surface area for heterogenous reactions can also play an important role. 
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1.1.3 Atmospheric aerosols 

Atmospheric chemistry and climate can be impacted by the presence of small, condensed 

liquid or solid matter suspended in air called aerosols or particulate matter (PM). Aerosols are 

typically characterized by their size distribution and composition. Sources of aerosols to the 

atmosphere can be natural (sea spray, dust, volcanic emissions, and biogenic aerosols) and 

anthropogenic (dust mobilization from human activity, nitrate and sulfate emissions, fossil fuel 

combustion, and waste and biomass burning). Among natural sources, the sea spray generated 

from wind stress at the ocean surface is the largest emission of global aerosol by mass (but 

typically a low number concentration).16,17 The mobilization of chloride (Cl⁻) from sea salt can 

lead to interesting chlorine chemistry (see Section 1.1.3). Size distribution is usually indicative of 

the source, commonly separated into two categories, coarse mode particles which have an 

aerodynamic diameter of 1 – 100 μm, and fine mode particles which have an aerodynamic 

diameter of < 1 μm. Fine mode particles can be further categorized into ultrafine particles < 0.1 

μm, but there is some debate between what is a particle and what is a molecular cluster at 

nanometer ranges.18–20 The size and composition of aerosols affect their impacts. For example, 

PM with aerodynamic diameter less than 2.5 μm or PM2.5 is of particular concern for human 

health. PM2.5 is at the critical size that allows it to partition into and clog the small alveolar lung 

cavities, which can to contribute to cancer.20 Furthermore, aerosol size and composition has an 

impact on climate. At an aerodynamic diameter of approximately < 0.2 μm, PM can start acting 

as cloud condensation nuclei, the solid surface of these particles offers a large surface area for 

liquids to condense on.18,19 By aiding in the formation of clouds, aerosols of this size have a 

direct effect on surface albedo, by reflecting oncoming solar radiation thus giving a net negative 

radiative forcing.21,22 Radiative forcing is the measurement of energy flux within the planetary 

boundary layer that offers a net warming (positive) or cooling (negative). Some aerosols contain 
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organic matter that is capable of absorbing actinic radiation giving them a net positive radiative 

forcing.23 By mass there is very little fine and ultrafine particles, but they are numerically greater 

and contribute the most to overall PM surface area.24 

Understanding the composition of particles in the atmosphere is a major challenge for 

atmospheric science because aerosols are typically heterogeneous in nature. Composition can 

vary from individual particle to particle, but most studies report bulk composition results by the 

size fraction collected.24,25 The reactive species within and on aerosols can undergo chemical 

transformations. In some cases, aerosol age and source can be inferred by studying its 

composition. Understanding the different mechanisms of aerosol chemical transformation has 

been a challenge for atmospheric scientists, due to analytical limitations hindering our ability to 

study the very dilute air media.  

1.1.4 Marine boundary layer (MBL) 

The marine boundary layer (MBL) is where the ocean meets the atmosphere, it is at this 

interface that we can study the transportation of soluble and insoluble compounds from the ocean 

to the atmosphere.16,26–29 The top 1000 μm ocean is where most sea-air exchange takes place and 

is denominated as the sea surface micro layer (SML),30 which is enriched with organics that are 

continuously partitioning from the bulk ocean due to torrential mixing.16,17 Chemical partitioning 

of gases is another method by which the ocean and atmosphere exchange, this is a concentration 

and temperature driven process.30,31  

Nascent sea spray aerosols (SSA, also known as marine aerosols) derived from oceans 

represent the most significant contribution to the global aerosol load. The composition of SSA is 

dominated by inorganic sea salt by mass at larger diameters, while the smaller particles are 

enriched in organic species. Formation of SSA occurs when strong ocean currents become 
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turbulent, and this turbulence will form breaking waves that can eject coarse and fine mode 

aerosols that are enriched in dissolved sea salt and organic matter. Breaking waves can entrap air 

bubbles that scrub organics from the bulk ocean, the entrapped air bubbles rise to the surface, 

burst and release SSA.16 The larger coarse particles do not have a long atmospheric lifetime 

(hours–days) compared to the smaller longer-lived aerosols (day–weeks) which can be found 

much farther from the ocean and can serve as a source of ocean emissions well inland.32,33 

1.2 Reactive chlorine 

Reactive chlorine (Cly) represents all chlorine-containing species which can undergo 

common atmospheric reactions to yield a chlorine atom. A typical background mixing ratio of 

Cly in the troposphere is approximately 1.5 ppbv (subject to change from region to region). The 

dominant Cly species include methyl chloride (CH3Cl, 43%), methyl chloroform (CH3CCl3, 

29%), dichloromethane (CH2Cl2, 3%), trichloromethane (CHCl3, 4%), tetrachloroethylene 

(CCl2=CCl2, 2%), and chlorodifluoromethane (CHClF2, 8%), see Figure 1-1. These are mostly 

emitted directly naturally or anthropogenically; the latter is the end oxidation product of a litany 

of larger alkyl chlorides (~4%).34,35 Inorganic sources account for 7% by mass; these emissions 

are small in comparison to organic Cly, yet due to their higher reactivity are more likely to 

increase the total Cl atom concentration.36,37 The most abundant inorganic forms and the focus of 

the majority of Cly chemistry are molecular chlorine (Cl2), hydrochloric acid (HCl), 

hypochlorous acid (HOCl), and nitryl chloride (ClNO2), see Figure 1-2. 
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Figure 1-1. Typical speciation of Cly (percent). Data taken from Khalil et. al., (1999).35 

 

Figure 1-2. Inorganic Cly percent contribution for a coastal area during the wintertime for a) 

nighttime and b) daytime. Data taken from Haskins et. al., (2018).38 

Photolysis of Cly is the most common pathway to form Cl, doing so changes the oxidative 

chemistry of the troposphere. Oxidation initiated with Cl yields more O3 than oxidation initiated 

with OH.2 Reasons for this are not fully understood, but the implications for mechanisms of 
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oxidation chemistry are significant.2,39 Cl atoms have not been directly measured to date in the 

atmosphere. Instead, their abundance has been inferred through steady-state approximations from 

all known formation and loss processes. Levels of Cl vary from region to region but are 

estimated to be 0.5×103–7.6×104 atoms cm-3.2,40–42 

1.3  Sources of Cly 

1.3.1 Direct emissions 

Direct emissions of organic and inorganic Cly are derived mainly from natural sources 

(~90%), such as the ocean, terrestrial (soil, wetlands, etc.), biomass burning, volcanic activity, 

anthropogenic pollution (Figure 1-3). Oceanic emissions is the largest contributor, accounting for 

~80 % by mass emitted per year.34,35 There are many reasons why the amount of chlorinated 

organics is high in the ocean which leads to their significant emissions to the atmosphere. The 

sources of chlorinated species to the ocean includes, but is not limited to, atmospheric 

deposition, sediment leaching, biodegradation and metabolic waste of ocean life, direct pollution, 

and polluted runoff from estuaries.34,35,37 The contribution of individual sources is not quantified 

and difficult to deconvolute. At best, each region can be modelled, but this is very challenging 

due to the changing variables and constraints. There are two mechanisms for ocean derived 

emission of organic Cly. The first is straightforward partitioning of volatile and semi-volatile 

organics from the organic-rich SML. Individual compound partitioning depends on the Henry’s 

law coefficient (H) and concentration in the SML (H range for most organic Cly is 1.1×10-4–

5.9×10-3 Pa mol m-3).43 The second mechanism for ocean emissions is classified as more physical 

rather than a chemical process and is due to emission of SSAs. Organic-rich SSAs can, in some 

circumstances, evaporate and emit their compounds into the atmosphere, via induced 

partitioning.  
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The second most prominent contribution to direct emissions is by terrestrial geocycling.35 

Although these emissions are the second largest, they are poorly understood. The theorized 

contributions to terrestrial emissions are due to volatilization from plant life and biological 

activity in soil. Cly emitted into the atmosphere from combustion processes (i.e., biomass 

burning, and volcanic activity) is almost solely in the form of HCl, and to a lesser extent, Cl2. 

Anthropogenic emission of Cly is dominated by the coal burning industry and incineration of 

chlorinated waste.15,36 Under stable Cly levels in the stratosphere, the transfer rate from the 

stratosphere to the troposphere was calculated in 1993 to be 0.03 Tg Cl yr-1.44,45 A recent study 

suggests that Cly levels are increasing in the stratosphere. The calculated mean growth rate for 

stratospheric Cly is 3.7 ppt Cl yr-1.46 Direct emissions are more challenging to predict and model, 

yet these emission fluxes control the majority of Cly inventory. 

 

Figure 1-3. Total chlorine inventory for natural and anthropogenic sources. Numbers in brackets 

are in Tg Cl yr-1. Data taken from Khalil et al., (1999), Keene et al., (1999), Graedel et al., 

(1995), Graedel et al., (1996), and Lobert et al., (1999).34–37,45  
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1.3.2 Indirect formation via chlorine activation 

Mobilization of Cl⁻ in SSA has been a key reactive pathway for transforming unreactive 

aqueous Cl⁻ into Cly; these transformations are known as chlorine activation. There are three 

known major pathways for chlorine activation (Figure 1-4); HCl production via acid 

displacement,47–52 formation of Cly (e.g., ClNO2) from reactive dinitrogen pentoxide (N2O5) 

uptake in aqueous aerosols,53–59 and molecular chlorine volatilization from SSA influenced by 

the photolysis of O3.
60 

Acid displacement reactions occur when both the produced gas has a lower proton affinity, 

and the formation energy of the new salt is greater than the reactants (R3.1).48  

HX + MCl (s or aq) → MX (s or aq) + HCl (g) R1.3.1 

Where M is any generic cation pair for the salt (e.g., Na+) and HX is a strong acid. Due to the 

abundance of Cl⁻ in SSA, the factor limiting the rate of HCl production from acid displacement is 

the presence of gaseous strong acids in the MBL. The most common atmospheric gases that 

displace surface Cl⁻ are nitric acid (HNO3) and sulfuric acid (H2SO4): 

HNO3 (g) + MCl (s or aq) → MNO3 (s or aq) + HCl (g) R1.3.2 

H2SO4 (g) + MCl (s or aq) → MHSO4 (s or aq) + HCl (g) R1.3.3 

When continental urban pollution mixes with SSA, HNO3 mixing ratios dictates HCl acid 

displacement production.50,53 In regions with large emissions of natural and anthropogenic sulfur 

dioxide (SO2), the precursor compound for H2SO4, acid displacement production of HCl is 

dictated by H2SO4 mixing ratios.34,61,62 Acid displacement reactions are exclusively modelled as 

a function of gaseous [H2SO4] and [HNO3]. These reactions have been shown to occur when 

other weak organic acids are present, representing a potential negative bias in modelled HCl 

levels in regions with high organic acid concentrations.63 
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Urban NOx pollution is closely tied to the chemistry of chlorine activation (Figure 1-

4).13,52,55,64,65 N2O5 is a night time reservoir for NOx, and it is produced from reaction between 

NO2 and nitrate radical (NO3, R3.2 – 3.4).53,54,66 Reactive uptake of N2O5 into Cl⁻ containing 

aqueous aerosols is known to yield ClNO2 (R3.5).53 A higher yield of ClNO2, and in some cases, 

Cl2 is observed under low pH and high [Cl⁻].58 Due to competing reactions with other halides, it 

is noted that more information on solvated HCl is vital to understand the constraints on the 

reactive uptake coefficient (γ) for N2O5.
54,58,59,67–69 Notable variables on reactive uptake 

coefficient include relative humidity,47 aerosol composition,65 and a high nitrate concentration in 

aerosols inhibits uptake by 1 order of magnitude (R3.6).54,65,70 Conversion of N2O5 to HNO3 is a 

major night-time NOx loss mechanism.53,54 The reactive uptake suppression by nitrate is negated 

by a small presence of Cl⁻ due to competing reactions with N2O5 ionization product NO2
+.65,68 In 

areas where NOx is present in appreciable amounts the major nighttime Cl reservoir species is 

ClNO2. 

NO (g) + O3 (g) → NO2 (g) + O2 (g) R1.3.4 

NO2 (g) + O3 (g) → NO3 (g) + O2 (g)  R1.3.5 

NO2 (g) + NO3 (g) ⇌ N2O5 (g) R1.3.6 

N2O5 (g) + Cl⁻ (aq) + H+ (aq) → ClNO2 (g) + HNO3 (aq) R1.3.7 

N2O5 (g) + H2O (l) → 2HNO3 (aq) R1.3.8 

 

Finally, the Cl⁻ in SSA can react with O3 to form OCl⁻, and under acidic conditions HOCl 

and Cl2 are emitted.71–73 This form of activation is very slow and is not a significant source of 

global Cly. However, the reaction has been shown to occur on saline snow,74 and is considered 

the dominant pathway in Arctic regions due to very low levels of NOx. The reaction proceeds 

faster when light is present; the mechanism to support this is unknown. It is suggested that the O3 

is photolyzed first or that a reactive halogen intermediate requires ultraviolet (UV) irradiation.71 
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Understanding the chemistry of reservoir species of Cl is essential in determining Cl levels 

accurately. The dominant daytime reservoir for Cl in the troposphere is HCl. HCl can cycle back 

and forth by reactions with hydroxyl radicals and compounds with an available hydrogen.75–79  

Cl (g) + RH (g) → HCl (g) + R (g) R1.3.9 

HCl (g) + OH (g) → Cl (g) + H2O (g) R1.3.10 

The balance between loss and formation processes of chlorine atoms from HCl is highly 

dependent on many external factors, such as deposition rate and the presence of particulate Cl⁻ 

and NOx. Cl2 and ClNO2 formation pathways are also dependent on Cl⁻ containing marine 

aerosols. Cl2 can be emitted from the photolysis of O3 in the presence of Cl⁻ aerosols.71 ClNO2 is 

formed in the presence of NOx and Cl⁻ containing aqueous aerosols.39,52,54,56,57 Both Cl2 and 

ClNO2 are photolabile nighttime reservoirs for Cl, which means Cl cycling depends on the 

available sunlight and precursor compounds. These processes are depicted in Figure 1-4. 

 

Figure 1-4. Primary Cly reactions for both day and nighttime chemistry.71,80–83 
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1.4  Sinks for Cly 

1.4.1 Dry and wet deposition 

The deposition of most Cly species have not been investigated explicitly and are estimated 

from the deposition of other species (e.g., HCl). One major exception is HCl, for which 

deposition is well understood. Global concentrations of HCl are inversely proportional to relative 

humidity. HCl is a polar gas that is very soluble in water, and susceptible to deposition to wet 

surfaces. The estimated dry deposition rate of HCl is 15 ± 5 Tg Cl yr-1, calculated using an 

average mixing ratio of 200 pptv and mean deposition velocity of 1.0 cm s-1 and therefore, is a 

lower estimate as deposition velocities can be as high as 6 cm s-1.36 Other inorganic forms of Cly 

are much more photolabile, and their daytime deposition loss is unimportant with respect to their 

fast chemical sinks. Organic Cly is less soluble than HCl and its dry and wet deposition is 

estimated to be small enough to not be a major sink.36 

1.4.2 Reactions of Cly 

Currently, with the information we have on both organic and inorganic Cly reaction 

pathways, ascertaining the contribution each has on the total global Cl production is difficult to 

gauge accurately. Organic Cly emissions are much greater than inorganic and could, therefore, 

dominate Cl atom production, but reaction rates tend to be relatively slow. The lifetimes for two 

dominant organochlorines methyl chloride and dichloromethane are 573 and 109 days, 

respectively (Table 1-1).42 The major loss mechanism for organic Cly is oxidation with OH. In a 

model study by Hossaini et al., (2016) chlorocarbon oxidation was calculated to yield a 

tropospheric Cly source of ~4320 Gg Cl/yr, which gives a [Cl] background of 0.5×103 atoms cm-

3.42 These estimates are based on a 1999 Cly inventory study, and therefore require more modern 

measurements to assess current chlorine chemistry.34  
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Table 1-1. Lifetimes of common organic Cly in the troposphere with respect to OH and 

photolysis. Data taken from Hossaini et al.,(2016).42 

Chlorocarbon Formula Lifetime (Days) 

Methyl chloride CH3Cl 573 

Chloroform CHCl3 112 

Dichloromethane CH2Cl2 109 

Bromochloromethane CH2BrCl 103 

Tetrachloroethene C2Cl4 67 

1,2-Dichloroethane CH2ClCH2Cl 47 

Bromodichloromethane CHBrCl2 41 

Dibromochloromethane CHBr2Cl 32 

Trichloroethene C2HCl3 5 

Chloroiodomethane CH2ICl 0.1 

Inorganic Cly can be more complex, due to the cyclicity, meaning the resulting Cl atom 

produced reacts to reform precursor compounds. The major loss mechanism for inorganic Cly is 

photolysis. The dominant photolabile inorganic Cly depends on the region. Cl2 is a relatively 

unimportant Cl reservoir and is readily lost via photolysis. Cl2 has the highest photolysis rate 

constant compared to other inorganic photolabile Cly (Figure 1-5). Measurements have been 

made in coastal regions with a mixing ratio maximum of 35 pptv.73,84 While Cl2 mixing ratios are 

highest at night, without more information on the nighttime source and sink chemistry of Cl2 it is 

tentatively classified as a nighttime reservoir. When considering the chemistry of Cl2 we must 

talk about HOCl, the two most intertwined Cly cycles (R1.4.2). Due to the different and 

sometimes convoluted mechanisms involved in the formation of these Cly species, it is difficult 
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to approximate the amount of Cl released. While HOCl is very photolabile, it readily reacts on 

acidic chloride containing heterogenous surfaces to form Cl2; via reactions R4.1 and 

R1.4.2.72,73,85 

HOCl (g) ⇌ HOCl (aq) R1.4.1 

HOCl (aq) + Cl⁻ (aq) + H+ (aq) ⇌ Cl2 (aq) + H2O (l)  R1.4.2 

Cl2 (aq) ⇌ Cl2 (g) R1.4.3 

Cl2 (g) + hv → 2Cl (g)  R1.4.4 

HOCl (g) + hv ⇌ Cl (g) + OH (g)  R1.4.5 

 

Photolysis of ClNO2 (R1.4.6) in the morning has been shown to be the primary early 

morning radical source in polluted coastal cities.2 The lifetime of ClNO2 is <1 hour during the 

day and as long as 31 hours under sustained low light conditions.86 The photolysis rate is 

comparable to HOCl and less than Cl2, yet the abundance of ClNO2 is typically greater and, 

therefore, it contributes more to Cl production (Figure 1-5). As a minor loss mechanism, ClNO2 

has also been observed to react on Cl⁻ containing aerosols to form Cl2 via R1.4.7.53 ClNO2 

formation has significant impacts on Cl and NOx budgets, and both play key roles in the overall 

oxidative capacity of the troposphere. In some regions in the polluted MBL photolysis of ClNO2 

is considered the largest source of Cl at sunrise.2,57,87 

ClNO2 (g) + hv → Cl (g) + NO2 (g) R1.4.6 

ClNO2 (g) + Cl⁻ (aq) → Cl2 (g) + NO2
⁻ (g) R1.4.7 
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Figure 1-5. Lognormal photolysis rate coefficients over a given day for inorganic Cly and select 

common photolabile species. Rate coefficients calculated using the national center for 

atmospheric research (NCAR) tropospheric ultraviolet and visible (TUV) radiation model-

version 5.3. Rate coefficients were determined using default conditions for June 18, 2019, in 

Halifax, Nova Scotia, Canada (44°37'55.8"N, 63°34'48.4"W). 

Reactions involving chlorine monoxide (ClO) can easily be overlooked when discussing 

the total chlorine inventory in the troposphere. This is in part due to the fact it is more of an 

intermediate species that reacts very fast, making it very difficult to measure and accurately 

access its contributions to the total inventory. ClOx (Cl+ClO) cycling is more notoriously 

attributed to the catalytic destruction of ozone in the stratosphere,10 particularly in the Arctic 

where there are little to no competing reactive sinks for ClO.88 Reaction rates and kinetics data 

on ClO is essential for properly modelling Cly rather than routine inventory measurements. ClO 

in the troposphere is formed primarily through (R1.4.8), and lost via (R1.4.9), and (R1.4.10). 

Under high NOx conditions, reactions (R1.4.11) and (R1.4.14) can yield chlorine nitrate 
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(ClONO2) and ClNO2, respectively, and these products will build up overnight and lost to 

photolysis in the morning.53,88 

Cl (g) + O3 (g) → ClO (g) + O2 (g) R1.4.8 

ClO (g) + OH (g) → Cl (g) + HO2 (g) R1.4.9 

ClO (g) + HO2 (g) → HOCl (g) + O2 (g) R1.4.10 

ClO (g) + NO2 (g) → ClONO2 (g) R1.4.11 

ClONO2 (g) + hv → ClO (g) + NO2 (g) R1.4.12 

ClONO2 (g) + hv → Cl (g) + NO3 (g)  R1.4.13 

ClO (g) + NO (g) → Cl (g) + NO2 (g) R1.4.14 

 

When considering the chemistry of Cly, it is crucial to consider the contribution HCl has on 

the overall chlorine inventory. Unless we have a grasp on the all the sources and sinks for HCl, 

we can not properly access the total chlorine inventory. In the troposphere HCl is the only 

daytime reservoir for Cl. While HCl is primarily lost by dry/wet deposition it can be lost to 

oxidation by OH (R1.3.10), but will likely be immediately reformed again in R1.3.9.35,42,78 The 

chemistry of HCl formation and its importance as not only the dominant daytime Cl reservoir but 

also in estimating daily chlorine production is explored further in Chapter 4.  

1.5  Global implications 

1.5.1 Measurements of Cly 

Current measurements techniques are continually being developed to assess Cly species. 

There is currently no literature precedent for measuring total Cly using just one method, and 

therefore, many different approaches are needed to understand the total tropospheric chlorine 

budget. Organochlorines are usually analyzed directly from collected ambient air samples by gas 

chromatography, sometimes collected on polyurethane foam first and extracted before 
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analysis.89–92 Current literature focuses primarily on improving online techniques of the 

relatively more reactive inorganic Cly such as ClNO2, Cl2, HOCl, and HCl. The species that has 

been measured the most, by far, is HCl. The classic or “gold standard” approach to measuring 

HCl is by scrubbing ambient air with a denuder (or similar diffusion scrubber) and analyzing the 

extract by ion chromatography.93–99 The denuder is a diffusion based technique, wherein a 

laminar sample stream passes over a coated substrate (alkaline coating for acidic gases) and the 

collisions due to diffusivity onto the substrate result in an effective scrubbing of the desired 

gases. These samples are collected over hours to days, depending on the expected baseline 

mixing ratio and the sensitivity of the extract analyzing instrument. The mean data is reported 

over that integrated timeframe resulting in a major loss of temporal trends. Another typical 

method to measure HCl is by using a tandem mist chamber whose extracts are similarly analyzed 

by ion chromatography.100–108 The time resolution of HCl measurements is typically 2 hours, 

which is better than denuder based methods but still not fast enough to capture fast processes. 

Tandem mist chambers are also capable of measuring Cl2 and HOCl (presumably also ClO, Cl, 

ClNO2, ClNO3, and BrCl) when an alkaline mist solution is adopted, but it is not able to speciate 

between inorganic chlorines and these studies report total inorganic chlorine minus HCl.100,102,103 

1.5.2 Cl initiated reactions and impacts on O3 and OH 

Reactions involving Cl in the troposphere have been largely underestimated since it was 

first seriously considered by Finlayson-Pitts et al., in the 1990s.11 Currently, our best method for 

estimating the concentration of Cl atoms for a region is by steady-state approximation, and to do 

that we need an understanding Cl reactivity with all types of volatile organic compounds 

(VOCs). It is generally understood in the literature that Cl atoms are much more reactive than 

OH, usually 2 orders of magnitude higher in reactivity depending on the VOC mixture.40,109 The 
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chemistry of Cl reactivity is very different from OH; studies have shown that each radical has a 

very different reactivity profile.2 When compared with OH, Cl tends to be more reactive to more 

long-lived VOC species such as alkanes, and much less reactive towards NOx. Cl almost 

exclusively reacts via hydrogen abstraction, forming HCl in the process. Despite the higher 

reactivity of Cl relative to OH, secondary radical formation from reactions initiated by either OH 

or Cl results predominately in OH formation. This highlights a considerable challenge when 

determining primary radical contributions due to the similar end products, as VOC tracer ratios 

was not shown to accurately reflect the impact of Cl initiated oxidation.2 The obscured impact of 

Cl oxidation is due to the secondary OH produced from the Cl initiated reactions. Oxidative 

capacity of the troposphere is therefore determined by the ratio of OH/Cl and the VOC profile.  

Table 1-2. Reaction rate ranges for common VOC classes. Determined at 295–298 K. Data taken 

from Young et al., 2014, and JPL 2020.2,109 

Compound class 
OH Cl 

Rate constant range (cm3 molec-1 s-1) Rate constant range (cm3 molec-1 s-1) 

Alkanes 6.3*10-15 – 1.1*10-11 1.0*10-13 – 1.4*10-10 

Alkenes 7.02*10-12 – 1.1*10-11 1.11*10-10 – 4.2*10-10 

Alcohols  9..1*10-13 – 5.5*10-12 5.5*10-11 – 1.0*10-10 

Aldehydes 8.5*10-12 – 2.4*10-11 3.8*10-11 – 1.38*10-10 

Aromatics 7.21*10-13 – 5.24*10-11 1.0*10-15 – 3.6*10-10 

Acids 1.54*10-13 – 4.5*10-12 <2*10-16 – 2.0*10-13 

Biogenics 2.0*10-11 – 1.61*10-10 2.2*10-10 – 6.4*10-10 

Ketones 2.48*10-13 – 1.1*10-12 5.27*10-13 – 4.0*10-11 

 

Methane removal in the atmosphere by hydrogen-abstraction from Cl is largest sink for Cl 

atoms and considered the biggest impact Cl has on the greenhouse effect.78,80,81,110,111 Some 

studies have used the isotopic ratio of methane 13C/12C depletion to approximate Cl 

concentrations. The kinetic isotope effect of Cl yields a higher increase in the 13C/12C fraction 

when compared to OH, from this data Cl oxidation is responsible for 1.4–3.8% of the total 
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methane sink.110,111 Other VOC oxidations initiated by Cl have only been modelled to date, 

accounting for 20%, 14%, 10%, and 4% of the global losses of ethane (C2H6), propane (C3H8), 

higher alkanes, and methanol (CH3OH) respectively.78 Cl atoms can also affect the oxidation 

cycling for alkyl sulfides, yielding primarily HCl, SO2, acetaldehyde (CH3CHO), and 

formaldehyde (HCHO) products.112–114 The impact of enhanced reactivity of Cl on the global 

sulfur cycle has not been extensively studied, but suspected to be significant in the MBL during 

sunrise when Cl levels are the highest.112 

1.5.3 Current questions in the sources and chemistry of Cly 

Recent work on Cly has been focusing on wintertime chlorine activation, the impacts on 

indoor air quality, and improving chlorine chemistry models.38,115–119 Currently, parameters on 

wintertime modelling of Cly has not been accurately accessed due to a lack of wintertime 

ambient measurements. There are many theorized sources of Cly during the wintertime, such as 

an increase in controlled biomass/coal burning for heat and an increase in automobile use to 

avoid harsh weather conditions.38,84,120,121 The increase in biomass/coal burning will have a direct 

impact on Cly emissions in the form of emitted HCl and Cl2.
122 Automobile use is a major NOx 

emission source for urban areas and (as discussed in Section 1.2.2) will have an indirect 

contribution on Cly emissions in the form of emitted ClNO2 and HCl.38,121 Vehicles are also a 

suggested direct source for chlorinated VOCs, emissions that can sustain low levels (<20ppt) of 

daytime Cl2 and HOCl.121 There is also a noticeable enhancement in Cl⁻ in regions affected by 

harsh icy conditions, this is due to the practice of salting icy roads for safer driving.120 Evidence 

from Wintertime Investigation of Transport, Emissions, and Reactivity (WINTER) aircraft 

campaign has shown that inorganic tropospheric Cly is dominated by HCl.38 High mixing ratios 

of HCl, in this case, are the products of biomass/coal burning inland, and a greater number of 
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acid displacement reactions due to elevated NOx and Cl⁻ over both land and sea.38 Another 

emerging area of Cly research is indoor air quality/chemistry. Known Cly species Cl2, HOCl, 

ClNO2 emissions have been observed to evolve from everyday cleaning activities, including 

cleaning with chlorine bleach.123 When these chlorine-containing cleaning supplies mix with 

other ammoniated cleaners, harmful chloramines will be emitted.123 Gaseous HOCl in indoor air 

can also undergo interesting chlorinating chemistry with unsaturated oils on indoor surfaces, 

including skin oils, cooking oils, dust, etc.124 HCl has also been observed to be emitted from 

common household activities, such as cooking and cleaning.117 The impacts of high levels of Cly 

has on indoor air quality have not been accessed. Because the emissions of indoor Cly is activity-

based it is difficult to impose the emissions of one household onto another without a high degree 

of uncertainty. It is unclear whether Cly is transferred from indoor into outdoor environments 

and, if so, whether it acts as a significant source of urban Cly pollution. All current studies agree 

that more ambient measurements of not only Cly, but all the parameters that affect its chemistry 

are required to model Cly fluxes and the impacts on climate properly. Cly modelling studies are a 

powerful resource to better understanding chlorine chemistry on a global scale, but are limited in 

that they need more measurements that help reflect different regions.42,78,125 A recent study by 

Zhai et. al., (2021), estimated that an increase of up to 170% of total Cly can be attributed to 

anthropogenic sources.125 It must be mentioned that not all local sources and emissions can be 

captured in a global model, and in our group we have found that modelled HCl can be 

underestimated by up to 3 orders of magnitude in continental regions where local emissions can 

mask the effects of modelled chemical sources.126 
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1.6 Thesis Objectives 

The main goal of this work is to better understand tropospheric Cly through three 

objectives: (1) Validating a new spectroscopic instrument for HCl; (2) Applying quality HCl 

measurements to elucidate chlorine chemistry trends in an urban MBL; and (3) Developing novel 

instrumentation to measure total reactive chlorine. This will be accomplished in three milestones 

that address each of the goals in Chapters 3–5 of this thesis, respectively. A necessity underlying 

Cly work is the generation of accurate, stable standards through permeation devices, which will 

be described in Chapter 2. The first Cly milestone (Chapter 3) combined multiple approaches to 

validate a new commercial cavity ring-down spectroscopy (CRDS) HCl analyzer for ambient 

measurements of HCl. This was achieved through lab generated HCl gas and an ambient 

intercomparison with annular denuder extracts analysed by ion chromatography. The instrument 

performance of the CRDS was further compared to other HCl measurement techniques and the 

response time of the instrument was characterized. The second Cly milestone (Chapter 4) 

describes CRDS-measured HCl during the Halifax Fog and Air Quality Study (HaliFAQS). 

Using HCl and supporting measurements, the sources of HCl were assessed. Trends observed in 

the diurnal HCl were used to develop an irradiance-dependent model to estimate ClNO2 mixing 

ratios and compare its production of Cl to primary sources of OH. The final Cly objective 

(Chapter 5) was to develop a novel total chlorine measurement. This was achieved using a high-

temperature platinum catalyzed flow tube capable of combusting chlorine species transforming 

them into HCl that can be easily and accurately measured using the CRDS. 
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2.1 Introduction 

2.1.1 History of commercial use 

Atmospheric analytical chemists require methods to generate and deliver consistent low 

concentration (less than 1 parts per billion by volume (ppbv)) of analytes for a variety of 

applications, such as calibrations. Permeation devices (PDs) offer a straightforward method to 

provide known gas phase mixing ratios that are stable over a long time. There are a variety of 

commercially available PDs containing environmentally relevant compounds in different device 

configurations. The most common configuration is a liquid hermetically sealed in a polymer tube 

(e.g., perfluoroalkoxy (PFA)) plugged on both ends with a porous polymer (e.g., 

polytetrafluoroethylene (PTFE)).1,2 Other common configurations include a porous PTFE plug or 

wafer coupled to a stainless-steel or a glass reservoir. The simple permeation tube is the cheapest 

and easiest configuration to construct. Configurations that include a stainless-steel reservoir have 

longer lifetimes and are used for high vapour pressure compounds when needed in large amounts. 

Gas ampules or cylinders coupled with porous wafers can also be used but are much more difficult 

to work with and are not discussed further in this work. Regardless of the configuration, PDs are 

suitable for compounds that are volatile or semi-volatile, which can partition into the gas phase 

allowing them to then permeate through the material.  

The simplicity of PDs has made them integral to environmental field and air quality studies. 

There are many different techniques to quantify PD emissions, including but not limited to, 

gravimetric or volumetric analysis and offline methods that involve scrubbing the sample stream 

into a solution amenable to an appropriate analytical instrument. The gases generated from PDs 

can be analytes for in-situ measurements or reagents for heterogenous chemistry. 
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2.1.2 Permeation device theory 

Permeation devices work, as the name implies, by the permeation of a known compound 

through a permeable material. The permeation rate is dependent on the partial pressure between 

the inside of the sealed tube and outer walls containing the tube. The permeation process is also 

dependent on temperature, and therefore, temperature must be carefully controlled to maintain 

stable permeation rates.3 There are three stages over the lifetime of a PD: the first is the saturation 

phase, the second is the steady-state phase, and finally the decay phase. The saturation phase is the 

initial buildup of the analyte in the gas phase as it permeates through the different microchannels 

through the polymer effectively saturating the all the pores. The steady-state phase is when the 

emission of the analyte from the tube is in steady-state, effectively allowing for a stable flow of 

the emitting compound into the delivery sample stream. The decay stage is when is the partial 

pressure in the tube starts to decrease due to insufficient quantity of analyte, at this stage the PD is 

no longer usable as it will not be able to provide a stable emission.  

The difference in partial pressure between the inner environment (inside the PD) saturated 

with the analyte and outer “clean” environment (PD housing) is the major driving force for the 

permeation process. The basic operating principle for all PDs is best described by combining 

Fick’s second law and Henry’s law of solubility.1–3 Fick’s second law of diffusion through a porous 

substance is defined as (E1; units m2 s-1): 

𝐷 = 𝐷0𝑒−
∆𝐸𝐷
𝑅𝑇         (E1) 

Where D0 is the pre-exponential constant for diffusion of the permeating compound, ΔED is the 

activation energy for the thermodynamic diffusion process, R is the ideal gas law constant, and T 
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is temperature. The effective Henry’s Law solubility coefficient is defined as (E2; units of mol Pa-

1 m-3): 

𝑆 = 𝑆0𝑒−
∆𝐻𝑆
𝑅𝑇        (E2) 

Where S0 is the pre-exponential constant for solubility and ΔHS is the heat of solution of the 

permeating compound. The product of these two equations yields the overall permeability term 

(E3; units of mol Pa-1 m-1 s-1): 

𝑃 ≡ 𝐷 × 𝑆       (E3) 

Therefore, permeation depends on both kinetic and thermodynamic properties of the system. 

The rate of permeation is not solely dependent on the physical properties of the desired gas and 

permeation material, but also external factors such as the temperature and pressure, as well as the 

potential chemical interactions between the analyte and the permeating material. To continue to 

produce a stable emission of the analyte, there must be a steady-state of diffusion of the permeating 

gas and a constant stream of diluent flow to reduce build-up of the gas in sample stream. At steady-

state, the emission rate (E4; units of mol s-1) through the porous plug or wafer can be expressed 

by: 

𝐸𝑠 = 𝑃 × 𝑆𝐴 ×
(𝑝𝑖−𝑝𝑜)

𝑤
      (E4) 

Where Es is the emission rate of the sample, P is the permeability defined in E3, SA is the surface 

area of the inner tube, pi is the partial pressure of the sample in the tube, po is the partial pressure 

outside the tube, and w is the porous material wall thickness. Similarly, the emission rate from a 

PD with a porous tube and impermeable plug is expressed by: 

𝐸𝑠 = 2𝜋𝑟𝐿 × 𝑃 ×
(𝑝𝑖−𝑝𝑜)

𝑤
     (E5) 
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Where r is the radius of the tube and L is tube length. When the tube and plug materials are both 

permeable to the analyte, E4 and E5 can be combined to determine Es, tot.  

𝐸𝑠,𝑡𝑜𝑡 = 2𝜋𝑟𝐿 × 𝑃𝑡 ×
(𝑝𝑖−𝑝𝑜)

𝑤𝑡
+ 𝑃𝑝 × 𝜋𝑟2 ×

(𝑝𝑖−𝑝𝑜)

𝑤𝑝
  (E6) 

Where Pt and wt are the permeability coefficient and wall thickness of the tube, respectively, and 

Pp and wp are the permeability coefficient and wall thickness of the plug, respectively. Emission 

rates can be theoretically determined if the physicochemical properties of the analyte and 

permeation material are known, but most emission rate determinations are performed empirically 

using analytical measuring techniques. 

2.1.3 Chapter objectives 

In this work we provide a basic understanding of the chemical properties that affect PDs. 

We apply PD theory to accomplish the following: (i) construct and maintain PDs with consistent 

emissions; (ii) demonstrate different calibration techniques and provide guidance for selection of 

calibration techniques; (iii) characterize the physical dependence of temperature and demonstrate 

PD stability; and (iv) explain how PDs have been applied to various experiments. 

2.2 Methods 

2.2.1 Chemicals and materials 

Commercially available reagents were purchased from Sigma-Aldrich: Dichloromethane 

(DCM, HPLC grade, Oakville, Ontario, Canada), cis-1,3-dichloropropene (DCP, 97%, 

Milwaukee, Wisconsin, USA), 1-chlorobutane (CB, 99.5%, Milwaukee, Wisconsin, USA), 

reagent grade hydrochloric acid (HCl, 12 M, Oakville, Ontario, Canada), and acetic anhydride 

(ReagentPlus®, ≥99%, Oakville, Ontario, Canada) were used in permeation device construction. 
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Potassium hydroxide (KOH) pellets were used to create scrubbing solution for permeation device 

gas collection. Nitrogen (N2, grade 4.8) gas was from Praxair (Toronto, Ontario, Canada). 

Experiments used deionized water generated by a Barnstead Infinity Ultrapure Water System 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA; 18.2 MΩ cm−1). Eluent for annular 

denuder IC analysis was prepared from sodium hydroxide solution (NaOH, 50% w/w, Thermo 

Fisher Scientific, Sunnyvale, California, USA). IC calibration standards were prepared through 

serial dilution of a mixed anion standard concentrate (Thermo Fisher Scientific, Dionex Seven-

Anion II, P/N: 057590). Material for permeation tube construction include porous PTFE rod (3.17 

mm o.d., P/N: 84935K64; McMaster-Carr) and PFA tubing (3 mm o.d., P/N: 5733K73; McMaster-

Carr). 

2.2.2 Temperature controlled oven 

To effectively maintain a stable temperature for the PDs, we built a custom aluminium oven 

designed to contain up to four PFA flow cells (½” o.d.). All components were purchased from 

either OmegaTM Environmental (St. Eustache, QC) or Allied Electronics, Inc. (Fort Worth, TX). 

The aluminum oven rested on a L-shaped sheet of aluminum that was fitted with a process 

controller (OmegaTM; CN 7823), solid state-relay relay (Allied; SSR, D1210, Crydom) mounted 

on an aluminium heat sink (Allied; HS172, Crydom), and 10-amp fuse (OmegaTM; Tron, KAX-10 

A). The aluminum oven depicted in Figure 1 was 8” by 3” by 3”, the four holes were machined to 

snugly fit four PFA flow cells that offer an inert working surface for delivering the emitting gases. 

The aluminum oven was machined along the longest axis to contain a cartridge heater with an 

integrated K-type thermocouple housed in a high-temperature incoloy sheath (OmegaTM; CIR, 300 

W, 120 V, 8” length and a 3/8” o.d.). The aluminum oven is designed to fit snugly with the 

cartridge heater and maximize contact between the oven and the heating element along the 
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cartridge. The heater is a high watt density cartridge with maximum working temperature of 760 

ºC with fiberglass insulation. The K-type thermocouple is integrated into the cartridge heater and 

measures temperature based of the principles of the Seebeck effect, a derivative of the 

thermoelectric effect. The potential in volts for two different materials of the thermocouple 

between the hot and cold surface is measured and the potential difference between these junctions 

is used to calculate the temperature using a process controller. The two materials used in a K-type 

thermocouple are chromel (Ni-Cr) and alumel (Ni-Al) alloys that yields a temperature range of 0 

to 1250 ºC. The process controller monitors the feedback from the thermocouple and the output 

voltage. The solid state-relay is an electronic switching device that takes power from 120 V outlet. 

The output voltage (5 V DC) from the process controller is regulates the power allowed through 

the solid state-relay by turning the bypass switch on or off. The process controller uses a 

proportional-integral-differential (PID) function and works by first plotting the output voltage vs 

the measured temperatures for multiple overshoots and undershoots of a setpoint. The three 

correction parameters are for the PID function are the proportional, integral, and derivative terms. 

The controlled feedback loop takes the measured over and undershoots to tune these three terms 

to lower the variability around the setpoint. The process controller used in these experiments has 

a temperature stability of ± 0.1 °C. All electronics used were protected by a Bussman rectifier fuse 

against excess current flow. 
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Figure 2-1. Schematic of the heated aluminium block. 

 

Figure 2-2. Schematic of the PD oven apparatus. Black lines represent live wires. White lines 

represent neutral wires. Red and yellow lines represent positive and negative polarity wires, 

respectively, for the integrated K-type thermocouple for the cartridge heater. 
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2.2.3 Ion chromatography with conductivity detection (IC-CD) analysis 

Aqueous samples collected into an impinger was transferred and diluted into a 25 mL 

polypropylene (PP) volumetric flask (±0.08 mL). Aliquots of the diluted samples were analyzed 

using an ICS-2100 (Thermo Fisher Scientific, Sunnyvale, California, USA). An AS-DV 

autosampler loaded 1.0 mL of sample onto a concentration column (5 x 23 mm, TAC-ULP1, P/N: 

061400) and injected into the IC-CD. Acetate and chloride were analyzed at a flowrate of 1.5 mL 

min-1 using an eluent gradient from 1–60 mM KOH controlled by a Dionex EGC III KOH 

Potassium Hydroxide Eluent Generator Cartridge (Thermo Fisher Scientific, Sunnyvale, 

California, USA), and separated on an AS11-HC analytical column thermostated to 30°C, and 

protected by an IonPac AG11 guard column (4 × 250 mm, P/N: 052960, and 4 x 50 mm, P/N: 

052962, respectively). The gradient program, described by Place et al.,4 started with 1.0 mM KOH 

held for 7 min followed by a linear increase to 16 mM KOH over the next 9 min. The KOH was 

held at 16 mM for 4 min then linearly increased to 25 mM from 20 min to 25 min. At 25 min the 

concentration was linearly increased to 60 mM over a period of 8 min, followed by a step decrease 

back to 1.0 mM KOH and held for 1 min to re-equilibrate the column, yielding a total run time of 

33 min. The eluent was suppressed in legacy mode with 124 mA (AERS 500, 4 mm, P/N: 082540) 

before Cl⁻ was detected by the CD (DS6 heated conductivity cell, 30 °C). IC-CD calibration 

standards were prepared through serial dilution of a mixed anion standard concentrate (Thermo 

Fisher Scientific, Dionex Seven-Anion II, P/N: 057590). 

2.3 Results and discussion 

2.3.1 In-house permeation device construction 

A simple method developed for the construction of custom permeation tubes for use in PDs 

is described here in detail with visual depictions in Figure 2-3. (1) PFA tube (3 mm i.d. with 1 mm 
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thickness) was cut to desired length (7.6 cm is used here). (2) The end of the tube was heated using 

a heat-gun at the highest output setting and the tube was rotated to evenly distribute the heat. Once 

sufficiently heated, the tube end takes on a glossy appearance and swell slightly. (3) The heated 

end was plugged with the porous PTFE rod by inserting the rod in a twisting motion until the 

desired length had been inserted (1 cm used here). While still hot, the plugged end was gently 

rolled between two flat surfaces to help seal and reduce any air pockets that may have formed. 

Any protruding PTFE rod was removed. (4) Aliquots of 100–400 µL of analyte liquid/solution 

were carefully delivered until the tube was ~1/2 – 3/4 full. Final volume will depend on PFA tube 

length. The filled tube was left to rest standing up-right on a tissue for ~10 minutes to ensure no 

visible leakages were present. (5) Step (2) was repeated, taking special precaution when heating 

the liquid-containing tube as it can boil over rapidly if using highly volatile compounds. (6) In 

situations where lower emissions rates were desired; instead of plugging the filled open end 

described in step (5), the filled open-ended tubing was hermetically sealed closed by heating the 

end until very pliable and almost melted, followed by 1 minute of firmly pinching the end closed 

with thick needle nose pliers. 
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Figure 2-3. Steps in the construction of a custom permeation tube for use in a PD. 

 

 The temperature-controlled aluminum block described in section 2.2.1 housed the 

permeation tube and can regulate the temperature to 30.0–80.0 ± 0.1 °C. Dry N2 flowed through a 

PFA flow tube (1.27 cm o.d.) in the block, containing the permeation tube. The N2 gas flows over 

the permeation tube housed in the flow cell collecting the emitted analyte and acts as the delivery 

flow. Stable flows through the oven are maintained with a 50 µm diameter critical orifice (Lenox 

laser, Glen Arm, Maryland, USA, SS-4-VCR-2-50). The critical orifice is a flow restricting plate 

that allows a constant and stable flows when the back pressure and temperature are kept constant. 

We supply a 30 psi back pressure of N2 to generate delivery gas flowrates, that typically fluctuate 

around 50 standard cubic centimeter per minute (sccm). Flows are measured using a DryCal 

Definer 220 (Mesa Labs, Lakewood, Colorado, USA). 

2.3.2 PD emission rate determination 

Gravimetric analysis is the most common--and sometimes only--method for commercial PD 

emission rate determination. MacInnis et al., (2016) conducted an independent calibration of a PD 
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containing gravimetrically validated commercial permeation tubes filled with an aqueous solution 

of the analyte. They observed an 7–16 times difference between their measured emission rate and 

the reported rate.5 This is due to the inherent loss of water from the PDs. While the vapour pressure 

of water is typically much lower than the analytes, it is a non negligible component of the PD 

emission. The contribution to mass loss cannot be decoupled from the mass loss of the analyte, 

leading to an inflated emission rate. Emission rates for pure liquid PDs (e.g., DCM, Figure 2-4) 

can be accurately determined by gravimetric analysis in the PD saturation phase. The time required 

for the PD to reach the saturation phase is dependent on the porous material and the emitting 

compound. For the compounds tested here, the time needed to wait for the build-up phase to finish 

is estimated, at minimum, to be 24 hours. After reaching the stabilization period (which can be 

difficult to observe using gravimetric calibration), the permeation rates can be measured, within 

relatively short measurement periods limited by the sensitivity of the analytical balance and the 

emission rate of the PD. If the emission rate is high, then the time required to overcome the 

limitations of the analytical balance is lessened. As an example, the gravimetric determination of 

the emission rate for a PD of DCM required 37 days (Figure 2-4) to accurately measure the mass 

loss using a balance with precision of ±0.001 g and generate a five-point graph of mass loss versus 

elapsed time. The emission rate, at 30 °C, of the DCM PD was 640 ± 13 ng min-1; the error in 

gravimetric calibrations is the uncertainty (σ) in the best fit line combined with the error in the 

analytical balance (±0.001 g, for this work). It should be noted that the PD can be used during the 

calibration period if the emission rate is not needed prior to its application. A similar approach was 

taken to determine emission rates of 240 ± 36 and 1.20×104 ± 0.02×104 for 1-chlorobutane and 

1,3-dichlorobutane, respectively (Table 2-1). 
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Figure 2-4. Gravimetric determination of a dichloromethane PD. The emission rate was calculated 

from the slope of the plot of mass loss over elapsed time and determined to be 640 ± 13 ng min-1. 

Error bars in the y-axis are derived from the uncertainty of the analytical balance. 

For targets that cannot be produced as a pure liquid, another technique must be used to 

accurately assess the emission rate. For example, the solvated nature of concentrated acids 

precludes the use of gravimetric analysis. A suitable alternative is experimentally determined 

emission rates using sample collection and offline analysis. The emission rate of PDs for HCl and 

acetic anhydride at 30–60 °C were tested using scrubbing followed by analysis with IC-CD (Figure 

2-5). These acidic gases were collected by scrubbing the delivery gas into a 25 mL glass impinger 

containing approximately 15 mL of 1 mM potassium hydroxide over a known time period; 

collection times ranged from 15–60 minutes. Mass emission rates and the uncertainty for the PDs 

were determined by averaging of collected samples (n=3) and propagating IC measurement error 

(±σ). The IC-CD determined emission rate for HCl PD used in Chapter 3 was 140 ± 18 ng min-1 
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(Table 2-1). The IC-CD determined emission rates for a 30 °C acetic anhydride PD was 900 ± 42 

ng min-1 (Table 2-1). To test collection efficiencies, a second bubbler was place inline such that 

the exhaust from the primary bubbler was directed into the input of the second. Anion 

concentrations in the second bubbler were below limit of quantification (LOQ), < 20.0 ng for 

acetate and < 8 ng for chloride.4 Thus, collection efficiency is expected to be near 100%. Inlet 

effects (adsorption/absorption) may delay surface active gases (most acidic gases), but the loss is 

negligible at the high concentrations in these sample streams.6–8 Collection and analysis for PDs 

by IC-CD can roughly take a day to complete, which is quite fast in comparison to gravimetric 

techniques. Although not used in this work, high performance liquid chromatography (HPLC) is 

another technique used for determining aqueous extracts, and can be advantageous for measuring 

water soluble organic compounds and the neutral form of acidic gaseous.5,9 PD gases can also be 

captured on an appropriate sorbent trap (e.g., Tenax) and either extracted or directly analyzed using 

gas chromatography mass spectrometry (GC-MS).10,11 In-situ determinations of PD emission rates 

of generated nitric acid and ammonia gases have be performed using established spectroscopy 

techniques, such ultra-violet optical absorption.12 There are many techniques that can be applied 

to determine PD emission rates, but each will be analyte specific and therefore must be chosen on 

a case-by-case basis. While gravimetric techniques for emission rate determination are relatively 

inexpensive (given that most labs have an analytical balance) and can be applied to any pure 

substance, offline approaches (or in-situ spectroscopy) are often faster (~1 day compared to weeks) 

and can effectively determine emission rates of mixtures. 
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Figure 2-5. IC-CD chromatogram for a calibration standard and a HCl PD extract collected for 

60 minutes. IC-CD method cut to 10 min for brevity. 

 

Table 2-1. Summary of custom PDs. 

Compound 
Emission rate  

(ng min-1) 
Temperature (°C) 

Volume and 

composition 

Method of 

determination 

HCl 140 ± 18 60 

200 µL of 

37 % w/v 

aqueous 

solution 

IC-CD 

Acetic anhydride 

900 ± 42 

1700 ± 1.8×102 

3700 ± 3.9×102 

30 

40 

50 

200 µL of 

pure liquid  
IC-CD 

Dichloromethane 640 ± 13 30 
400 µL of 

pure liquid 
Gravimetric  

1-chlorobutane 240 ± 36 30 
400 µL of 

pure liquid 
Gravimetric 

1, 3-dichlorobutane 
1.20×104 ± 

0.02×104  
30 

400 µL of 

pure liquid 
Gravimetric 
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2.3.3 Temperature dependence of PDs 

Thermostating the PD emitting environment, in this case the PFA housing, plays an 

important role in producing a consistent emission rate. Both terms from E1 and E2 have an 

exponential dependence on temperature, due to the Arrhenius behaviour of the factors that 

influence permeation rate. For most compounds, a change in 1°C can change the emission rate by 

5–10%.3,13 The sensitivity of PD systems to temperature change emphasizes the need to accurately 

maintain the housing temperature with good precision. 

A temperature dependent equation was determined from acetic anhydride PD extracts 

collected at different temperatures. The data is fitted to a modified E3 to yield: 

    𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑆0𝐷0𝑒−
∆𝐸𝐷+∆𝐻𝑆

𝑅𝑇
 + 𝐶  (E7) 

Using the PD emission rate and the temperature of the oven, we can determine the coefficients 

from E7. Acetic anhydride PD emission rates were determined under three temperatures (Table 2-

1, Figure 2-6), and S0D0 was calculated to be 2.63×105 ng min-1, the term −(∆𝐸𝐷 + ∆𝐻𝑆) was 

calculated to be 1.87 kJ mol-1, and the C term was 754.72 ng min-1. The C term is the lower limit 

of the emission rate where the best fit line converges until the freezing point of acetic anhydride 

when emission rate does not follow dynamic liquid behaviour. 
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Figure 2-6. Temperature dependence of acetic anhydride emission rate fitted to E7. Error bars 

represent the error in triplicate analysis of IC samples at each temperature. 

2.3.4 Stability of PDs 

Stability can be defined as a consistent mass output over time for PDs having reached 

equilibrium. The stability of an HCl PD system was monitored by cavity ring-down spectroscopy 

(CRDS). The output of an HCl PD carried by ~50 sccm of dry N2 was met with 3000 sccm of clean 

air and directed into the inlet of the CRDS over 12 hours (Figure 2-7). The stable output of this 

PD is shown in Figure 2-7a, and the precision (±σ) over this timeframe was 0.05 ppbv. Figure 2-

7b helps illustrates the stability of the measured HCl, showing the percent difference from the 

mean (7.0 ppbv). This is our best estimate on the high-time resolution stability of a PD but is likely 

a conservative estimate due to the limitations and inherent challenges in measuring HCl gas. As 

described briefly in Section 2.3.1., HCl is a surface-active gas and will readily sorb to surfaces, 
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observed by the decrease from 2–6 hours in Figure 7b due to these surface effects. Characterizing 

these effects will be discussed in more detail in Chapter 3. 

 

Figure 2-7. (a) CRDS measuring HCl emitted from a PD over 12 hours at 0% relative humidity 

(RH). (b) PD stability illustrated by the percent difference from the mean over 12 hours.  
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2.3.5 Applications 

There are a wide range of applications in which PDs can be used; this section will focus on 

some of the applications in which PDs constructed using the methods described herein have been 

used (see Table 2-1). The most common application is that of a gas phase standard for in-situ 

online detection. One of the primary challenges in making accurate online measurements of 

uncommon analytes is finding the appropriate standards. Commercial premade and certified gas 

cylinders do not exist for every compound one might be interested in, or can be prohibitively 

expensive, which is why custom PDs that can be easily made in lab are an attractive solution to in-

situ calibrations. For example, custom HCl PDs with known emission rates were used to generate 

a standard gas sample used to validate and help characterize the in-situ CRDS, see Chapter 3 where 

this work is discussed in more detail. In Chapter 5 of this thesis, PDs were used to generate three 

organochlorines, dichloromethane, 1-chlorobutane, and 1, 3-dichloropropene. These compounds 

are not commercially available as either premade certified PDs or gas cylinders, and therefore the 

ability to construct these custom PDs was crucial for this work. Because we could generate these 

gases, we are able to validate and characterize a novel method to measure total chlorine. 

While using PDs to generate a calibrant gas is the primary application, they can also be used 

to generate low levels of a reagent gas. Low levels of HCl gas from our PDs were used as a reagent 

to generate nitrous acid (HONO) in work discussed in Lao et al., (2020).14 Due to the inability to 

directly generate HONO, our PDs can produce a robust and stable supply of the reagent gas 

offering consistent reaction rates needed to apply the HONO generating method to in-situ field 

calibrations.  

PD use is not only limited to calibration techniques, but they can also be used as a reagent 

ion source, such as for chemical ionization mass spectrometry (CIMS), a widely used in situ 
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measurement technique in atmospheric sciences. The most common reagent ions for CIMS are 

acetic anhydride and methyl iodide.15–17 Generating consistent low levels of these reagent ions is 

crucial for chemical ionization, which is controlled by the presence of reagent ion to neutral 

compound (sometimes the analyte) clusters that changes with RH and the concentration of the 

reagent ions. 

2.4 Conclusions 

In conclusion we have provided a basic understanding of the chemical properties that affect 

permeation devices such as the activation energy for thermodynamic diffusion and the heat of 

solution of the permeating compound. We demonstrated the efficacy of two different calibration 

techniques, gravimetric and offline collection followed by IC-CD analysis. Gravimetric analysis 

is relatively inexpensive and robust for pure liquid compounds but is limited by analytical balance 

uncertainty and generally requires more time to accomplish (~weeks). Offline analysis is quicker 

(~days) but requires analysis techniques specific to individual analytes, which is typically more 

expensive. We characterized the physical dependence of temperature on the emission rate for an 

acetic anhydride PD. The stability of an HCl PD was monitored using a CRDS and the 

fluctuation/precision of the experiment with the longest equilibration time was 0.2%. We 

recognize that the stability monitored here is a combination of the true error of the emission rate 

and the uncertainty of the CRDS method we used to monitor it. This work also described in detail 

how we construct and maintain consistent emissions using inert and porous fluorinated polymers 

combined with a custom-built temperature-controlled oven. The variety of applications our PDs 

have been used is broad and extend to the entirety of the work explained in this thesis. 
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Chapter 3. 

3. Validation of a New Cavity Ring-Down Spectrometer for 

Measuring Tropospheric Gaseous Hydrogen Chloride 
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Abstract 

Reliable, sensitive, and widely available hydrogen chloride (HCl) measurements are important for 

understanding oxidation in many regions of the troposphere. We configured a commercial HCl 

cavity ring-down spectrometer (CRDS) for sampling HCl in the ambient atmosphere and 

developed validation techniques to characterize the measurement uncertainties. The CRDS makes 

fast, sensitive, and robust measurements of HCl in a high finesse optical cavity coupled to a laser 

centered at 5739 cm-1. The accuracy was determined to reside between 5–10%, calculated from 

laboratory and ambient air intercomparisons with annular denuders. The precision and limit of 

detection (3σ) in the 0.5 Hz measurement were below 6 pptv and 18 pptv, respectively for a 30 

second integration interval in zero air. The response time of this method is primarily characterized 

by fitting decay curves to a double exponential equation and is impacted by inlet 

adsorption/desorption, with these surface effects increasing with RH and decreasing with 

decreasing HCl mixing ratios. The minimum 90% response time was 10 seconds and the 

equilibrated response time for the tested inlet was 2–6 minutes under the most and least optimal 

conditions, respectively. An intercomparison with the EPA compendium method for quantification 

of acidic atmospheric gases showed good agreement, yielding a linear relationship statistically 

equivalent to unity (slope of 0.97 ± 0.15). The CRDS from this study can detect HCl at 

atmospherically relevant mixing ratios, often performing comparable or better in sensitivity, 

selectivity, and response-time from previously reported HCl detection methods. 

3.1 Introduction 

Halogenated compounds that participate in catalytic cycles in the atmosphere have major 

impacts on atmospheric chemistry. Chlorine-containing species have long been known to 

catalytically destroy stratospheric ozone1 and can have similar impacts on tropospheric ozone in 

polar regions.2,3 In particular, early morning oxidation in the troposphere can be influenced heavily 
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by chlorine atoms released by photolabile chlorine species.4–7 It is estimated that reactions 

involving chlorine atoms account for 14–27% of global tropospheric oxidation of abundant volatile 

organic compounds (VOCs).8  

The role of chlorine chemistry in the troposphere remains uncertain in part due to a lack of 

a complete understanding of the contribution of chlorine reservoir species to the tropospheric 

chlorine inventory.4,7 Sources of inorganic chlorine to the troposphere are important because many 

of them are photochemically active (e.g., ClNO2). A near-complete budget of inorganic 

tropospheric chlorine from aircraft transects of polluted North American continental outflow 

during the WINTER campaign demonstrated that hydrogen chloride (HCl) makes up 48–62 % of 

total inorganic chlorine, and approximately 98% of total gaseous inorganic chlorine.9 Troposphere 

HCl levels are typically between 10 and 1000 parts per trillion by volume (pptv) (e.g., Crisp et al. 

(2014); Haskins et al. (2018); and Young et al. (2013)). Elevated levels of HCl are typically found 

near marine environments polluted with NOx; where reactions involving the chloride in sea spray 

aerosols can be a major source of chlorine to the troposphere.9,11–13 

HCl is directly emitted to the atmosphere predominantly from volcanic activity, biomass 

burning, and industrial sources.11,14,15 HCl is also produced through heterogeneous acid 

displacement reactions of strong acids, such as nitric acid, with particulate chloride (pCl-):13,16–19 

HA(g, aq) + MCl(aq, s) → MA(aq, s) + HCl(g)     R3.1.1 

where M represents a cation in a chloride salt (often sodium). Elevated levels of chlorine atoms 

may also be present in both indoor and outdoor environments due to the emission of photolabile 

reactive chlorine compounds.4,7,20–22 

XCl(g) + hυ → Cl·(g) + X·(g)      R3.1.2 
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Secondary production of HCl predominantly occurs via the reaction of chlorine atoms with 

methane or VOCs by hydrogen abstraction: 

Cl·(g) + CH4(g) → HCl(g) + ·CH3(g)     R3.1.3  

Cl·(g) + RH(g) → HCl(g) + R·(g)      R3.1.4 

The loss of gas-phase HCl occurs predominantly through wet or dry deposition which are terminal 

sinks for tropospheric chlorine,13 with minor loss by reaction with the hydroxyl radical (OH) to re-

form chlorine atoms:  

HCl(g) + OH·(g) → Cl·(g) + H2O(g)     R3.1.5 

The balance between loss and formation of chlorine atoms from HCl is highly dependent on factors 

such as the presence of pCl-, NOx (NOx=NO+NO2), and HCl deposition rate.12,23  

Measuring HCl in the gas phase is challenging as it readily adsorbs to surfaces. Methods for 

atmospheric HCl detection must be sensitive, robust, and selective and address HCl interactions 

with instrument surfaces. Mass spectrometry based measurement techniques have been developed 

for the detection of HCl in both the stratosphere and troposphere (e.g., Huey et al., (1996) and 

Marcy et al., (2004)).24,25 Other methods include scrubbing ambient air using an annular denuder 

and/or a tandem mist chambers to collect HCl, followed by offline analysis such as ion 

chromatography (IC).10,26–28 Online detection methods such as chemical ionization time of flight 

mass spectrometry (CI-ToF-MS),11 negative ion proton transfer chemical ionization mass 

spectrometry (NI-PT-CIMS),29 and negative mode atmospheric pressure chemical ionization 

coupled to triple quadrupole mass spectrometry (APCI-MS-MS) have been shown to be reliable 

and sensitive methods for HCl detection.30 Limitations to these existing HCl measurement 

techniques include some or all of the following; detection limits that are not suitable for the low 
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level of HCl in the troposphere, slow time response, lack of portability, and calibration challenges. 

Spectroscopic techniques offer distinct advantages over some previous methods. Spectroscopic 

techniques for measuring atmospheric HCl reported by Hagen et al., (2014) and Wilkerson et al., 

(2021) have shown the precedent for fast time response, as well as sensitive, selective, and robust 

detection.31,32 The portability and fast time response for instruments is of great importance for 

spatial resolution and is therefore a key factor for field deployment. 

Measurements of HCl are typically calibrated using HCl from permeation devices and or 

standards in compressed gas cylinders. Method validation for HCl measurements are rare, but can 

reduce these uncertainties.31,32 In this paper we demonstrate the versatility and validation of a new 

commercial cavity ring-down spectrometer (CRDS) for in-situ atmospheric gas phase HCl 

measurements. First, we compare this CRDS with existing HCl measurement techniques through 

lab and field intercomparisons. We then describe and characterize surface effects and recommend 

inlet configurations for best practices when conducting ambient sampling. 

3.2 Materials and experimental methods 

3.2.1 Chemicals 

Reagent grade hydrochloric acid (HCl, 12 M) was used in permeation device construction 

(see Section 3.2.3). Potassium hydroxide (KOH) pellets were used to create scrubbing solution for 

permeation device gas collection. Commercially available reagents were obtained from Sigma-

Aldrich (Oakville, Ontario, Canada). Nitrogen (grade 4.8) and Ultra Zero Air (grade 5.0) gases 

were from Praxair (Toronto, Ontario, Canada). Experiments used deionized water generated by a 

Barnstead Infinity Ultrapure Water System (Thermo Fisher Scientific, Waltham, Massachusetts, 

USA; 18.2 MΩ cm−1). Annular denuder coating solution was prepared with reagent grade 

(>95.5%) sodium carbonate (Sigma-Aldrich, St. Louis, Missouri, USA), reagent grade glycerol 
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(Sigma-Aldrich, St. Louis, Missouri, USA), HPLC grade methanol (Fisher Chemicals, Ottawa, 

Ontario, Canada), and 18.2 MΩ cm−1 deionized water. Eluent for annular denuder IC analysis was 

prepared from sodium hydroxide solution (NaOH, 50% w/w, Thermo Fisher Scientific, Sunnyvale, 

California, USA). IC calibration standards were prepared through serial dilution of a mixed anion 

standard concentrate (Thermo Fisher Scientific, Dionex Seven-Anion II, P/N: 057590).  

3.2.2 Cavity ring-down spectrometer (CRDS) 

The Picarro G2108 Hydrogen Chloride Gas Analyzer system was used for all analyses 

(Figure A-1). The basic operating principles of this CRDS are similar to analogous Picarro 

greenhouse gas instruments that have been described in detail by Crosson (2008).33 The CRDS 

consists of a tunable laser, a wavelength monitor, and a heated optical cavity (80 °C). All the 

components of this analyzer and internal stainless-steel fittings are contained within a heat-

regulated metal case maintained at 45 °C. The laser radiation (1742 nm, 5739 cm-1) is directed by 

a fiber optic cable to the wavelength monitor and optical cavity. The first overtone (2-0 absorption 

band) of HCl is easily discernable from other absorbing species (e.g., H2O and CH4), has a 

relatively high intensity compared to the fundamental absorption transition, and is accessible to 

near-infrared (IR) diode laser light sources. The optical cavity is fitted with three highly reflective 

dielectric-coated fused silica mirrors (R > 99.995%, ring down time constant of 53 µsec, equivalent 

to a path length of 16 km) oriented in an acute triangular arrangement supported by an invar 

housing. The reflectivity of the mirrors is measured from the laser signal loss in an analyte-free 

optical cavity under inert gas flow. The CRDS flow rate is 2 L min-1 and the cavity is held at a 

reduced pressure of 18.70 ± 0.02 kPa (140.0 Torr) thermostated to 80.000 ± 0.005°C. One mirror 

is mounted on a piezoelectric actuator to achieve optical resonance between the laser frequency 

and the longitudinal modes of the cavity. The laser is shut off rapidly (<1 μsec) once resonance is 
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achieved. A photodetector monitors the decay of the photons exiting the cavity through another 

mirror. Custom electronics digitize the signal for fitting of an exponential decay; the time constant 

of the decay, τ, is converted to absorbance, α, using the expression  

α = 1 ⁄ 𝑐τ − 1 ⁄ 𝑐τ0       (E1) 

where c is the speed of light. The instrument measures 30 specific frequencies within ~1 cm-1 

centered at 5739 cm-1 to fit the absorption spectra of trace species in this region (see Figure A-2). 

HCl, H2O, and CH4 mixing ratios are reported every 2 seconds, though the true time response of 

the measurement method is limited by surface effects (see Section 3.3.4). Gaseous inorganic 

chlorine reservoir species (e.g., ClNO2) cannot thermally dissociated under the cavity (80 °C) 

conditions.34 The instrument zero measurement drift is reduced by a high precision distributed 

feedback laser centered at 5739.2625 cm-1 coupled with a custom-designed wavelength monitor to 

determine the frequency axis of each spectrogram. To mitigate particulate matter optical extinction 

and surface deposition on the high reflectivity mirrors, two high efficiency particulate air (HEPA) 

filters are placed upstream of the cavity, contained within the 45 °C heat-regulated compartment. 

3.2.3 In-house HCl permeation device validation 

The in-house assembly of HCl permeation devices (PDs) is described in detail in Lao et al., 

(2020).35 Briefly, 200 µL of 12 M aqueous HCl solution was pipetted into a 7.62 cm 

perfluoroalkoxy (PFA) tube (3 mm i.d. with 1 mm thickness) plugged at both ends with porous 

polytetrafluoroethylene (PTFE) (1 cm length by 3.17 mm o.d.). The polymers allow a consistent 

mass of HCl to permeate at a given temperature and pressure. An aluminum block that was 

temperature-controlled using a cartridge heater (OmegaTM; CIR-2081/120V, Saint-Eustache, QC, 

Canada) housed the PD and was regulated to 60.0 ± 0.1 °C by a process controller. Dry N2 flowed 

through a PFA tube (1.27 cm o.d.) in the block, containing the PD. Stable flows of 49 ± 2 standard 
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cubic centimeters per minute (sccm) through the oven were maintained with a 50 µm diameter 

critical orifice (Lenox laser, Glen Arm, Maryland, USA, 15 psi; SS-4-VCR-2-50). Flows were 

measured using a DryCal Definer 220 (Mesa Labs, Lakewood, Colorado, USA). The mass 

emission rate of HCl from the PD was quantified by scrubbing into a 25 mL glass impinger 

containing 1 mM KOH over 24 h followed by analysis using IC with conductivity detection (CD). 

Mass emission rates for the PD were determined as 140 ± 18 ng min-1 (n=3, ± 1σ) at 60 °C.  

3.2.4 Laboratory intercomparison 

A laboratory intercomparison between the CRDS and offline-measured HCl scrubbed into a 

basic solution of 100 mM KOH by delivering gaseous HCl from the permeation device to the 

sampling systems. The 140 ng min-1 of HCl in dry N2 from the PD was mixed into a zero air 

dilution flow of 2.1 to 8.0 L min-1, to provide standard addition HCl mixing ratios that ranged from 

12 to 45 ppbv. 

The dilution flow was maintained using a 10 L min-1 mass flow controller (GM50A, MKS 

instruments, Andover, Massachusetts, USA). All inlet lines and fittings were kept at ambient 

temperature (~25 °C) and were made of PFA unless stated otherwise. The inlet mixing line 

between the PD emissions and the humidified dilution flow was 3.17 mm i.d. and 45 cm in length. 

Residence times for HCl in the sampling line ranged from 0.02 to 0.08 seconds. To vary relative 

humidity (RH), a controlled flow of zero air was directed into a glass impinger at room temperature 

containing deionized water to yield a water-saturated air stream. The humidified flow was passed 

through a 2 µm Teflon filter (TISCH scientific, North Bend, Ohio, USA) in a PFA holder to 

prevent any aqueous droplets from entering the experimental lines. The RH was set by mixing 

with dry zero air to generate 0, 20, 50, and 80 % RH values.  
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3.2.5 Ambient intercomparison 

An ambient intercomparison was undertaken by measuring outdoor air with the CRDS in 

parallel with sodium carbonate-coated annular denuders. A total of 11 denuder samples were 

collected alongside continuous CRDS observations, each for approximately 24 hours between 4–

11 April 2019. The measurement site was the air quality research station, located on the roof of 

the Petrie Science and Engineering building at York University in Toronto, Ontario, Canada 

(43.7738° N, 79.5071° W, 220 m above sea level). All indoor inlet lines and fittings were kept at 

room temperature while the outdoor temperature ranged from -2 to 14 °C. All inlet lines and 

fittings were made of PFA unless stated otherwise. A full schematic of the sampling apparatus 

indicating the separation between the outdoor and indoor inlet positions is provided in Figure A-

5. A 22 L min-1 sampling flow was pulled through a URG Teflon Coated Aluminum Cyclone 

(URG Corporation, Chapel Hill, North Carolina, USA) with a 2.5 µm cut-off for particulate matter. 

The inlet lines were such that each sampling setup collected HCl at equal residence time to ensure 

equivalent wall losses of HCl. The shared inlet line was 4.65 m in length and had an i.d. of 4.76 

mm. The flow was split between the 1.5 m denuder sampling line (20 L min-1) and the 0.15 m 

CRDS sampling line (2 L min-1), yielding a 0.375 sec residence time for both methods. The 

denuder line flow was equally divided into two multichannel etched glass annular denuders (URG 

Corporation, Chapel Hill, North Carolina, USA, 4 channel, 242 mm length, URG-2000-30x242-

4CSS) at 10 L min-1. The denuders collected HCl in parallel to each other with flows controlled 

using two separate 10 L min-1 mass flow controllers (GM50A, MKS instruments). Denuders were 

coated with a solution of 2% w/w sodium carbonate and 0.1% w/w glycerol in a solution of 1:1 

methanol:water. A 15 mL aliquot of coating solution was dispensed into a denuder and two 

polypropylene caps affixed. The sealed denuders were inverted and rotated for a few minutes to 

ensure an even coating. The excess coating solution was decanted, and the denuder was dried for 
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15 min with 2 L min-1 of zero air. After sampling, denuders were extracted with 2 aliquots of 5.00 

mL deionized water, following the same sealing and inversion procedure, for a total extraction 

volume of 10.00 mL. Extracts were collected into a 15 mL polypropylene tube for storage at 4 °C 

until analysis. Instances of flagged instrument errors in the CRDS data during ambient 

observations were removed as standard practice in quality control procedures (see Figure A-3). 

The loss of observational data during such periods corresponds to a negative bias. The CRDS data 

loss during a given denuder sampling period was included in setting the overall measurement error 

when intercomparing measurements. 

3.2.6 Ion chromatography analysis 

Samples collected into an impinger from the HCl PD were analyzed as the chloride anion by 

IC-CD using an ICS-2100 (Thermo Fisher Scientific, Sunnyvale, California, USA) according to 

the method described in Place et al., (2018).36 Annular denuder extracts were analyzed by IC-CD 

using an ICS-6000 (Thermo Fisher Scientific, Sunnyvale, California, USA). Details of both 

separation methods can be found in the Appendix A. Chloride was quantified using external 

calibration with a 5-point calibration curve. Two check standards, located at the high and low ends 

of the working range, were used to evaluate the accuracy of quantification.  

3.3 Results and discussion 

3.3.1 Suitability for atmospheric measurements 

The selectivity of this CRDS analyzer arises from monitoring a high-intensity spectral line 

(5739.2625 cm-1). The absorption used by this instrument is suitable for HCl measurements in the 

ambient atmosphere because abundant atmospheric gaseous species such as CO, CO2, NOx, and 

N2O do not have major absorption features in the same region.37,38 Absorption features of H2O and 

CH4 in this spectral region are part of the fitting parameters used to determine number densities of 

HCl, as described in Section 3.2.2. Most organic and inorganic compounds commonly found at 
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trace levels in the atmosphere do not absorb strongly in this region.37,38 For these compounds to 

interfere with the CRDS measurement, their mixing ratios would need to be very high (>10 parts 

per million by volume, ppmv). Under conditions where the peak shape is compromised by the 

presence of interfering absorbing species or instrument instabilities (e.g., cavity pressure 

fluctuations), the instrument fitting is interrupted and the “bad” data is flagged, thereby allowing 

simple quality control (see Figure A-3).  

The limit of detection (LOD) of the CRDS analyzer is suitable for expected HCl levels in 

the atmosphere. Instrument LODs were calculated as three times the Allan-Werle deviation (Figure 

3-1, Hagen et al., 2014) when overflowing a 15 cm inlet (3.17 mm i.d.) with zero air directed into 

the CRDS for ~10 hours. The LODs determined in the CRDS measurements for 2 second, 30 

second, 5 minute, and 1 hour integration times were 66, 18, 5, and 2 pptv, respectively. Similarly, 

precision was determined from the Allan-Werle deviation in the blank over the same 10 hours of 

zero air sampling. Precision in a 2 second, 30 second, 5 minute, and 1 hour integration time was 

22, 6, 2, and 0.8 pptv, respectively.  
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Figure 3-1. Allan-Werle deviation (3σ) in the optical cavity purged with zero-air (red line) shown 

with the ideal deviation (no drift, solid blue line) and associated error in the deviation (dashed blue 

line). 

3.3.2 Instrument performance  

This CRDS has many advantages compared to methods previously used to measure HCl in 

the ambient atmosphere (Table 3-1). The LOD and precision of the instrument is comparable to 

prior high time-resolution methods, allowing changes in HCl mixing ratio of a few pptv to be 

measured. The accuracy/uncertainty is the hardest to compare due to the differences in assessment. 

A particular challenge is that other methods require external calibrations to determine accuracy 

and a stable, accurately calibrated HCl source at atmospherically relevant mixing ratios is 

challenging to obtain.35,39 In contrast, spectroscopic techniques offer a distinct advantage as they 

are absolute measurements and accuracy determinations rely on propagating uncertainty in the 

measured parameters (i.e., wavelength and the time constant τ). In the absence of determining 

accuracy of the CRDS from its operating parameters we use the deviations in our intercomparisons 

to estimate the accuracy of the full system, i.e., the instrument and ambient sampling inlet 

combined. We assess the total method uncertainty using intercomparisons with the gold standard 

for atmospheric acid detection (EPA Compendium method IO-4.2, United States Environmental 

Protection Agency)26 due to the greater uncertainty when considering the potential total system 

error from the sorption/desorption to all sampling surfaces (i.e., instrument and inlet). We 

measured that the accuracy of the analyzer ranges from 5 to 15%. This is a conservative range 

based on the methods we used to validate the instrument, which is further described in Section 

3.3.3. The response time of the CRDS used in this work is fast compared to most measurements; 

the limitation for all online-line methods compared in Table 3-1 is not the measurement frequency, 

but rather the time required for HCl to adsorb and desorb from the inlet to the sample stream, 

which is discussed further in Section 3.3.4. Lastly, instrument size and power consumption of this 
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CRDS are much lower than many other techniques and are major advantages when considering 

use in the field, particularly for mobile platforms. 

Table 3-1. Performance characteristics of CRDS HCl analyzer compared to previously reported 

methods. 

Instrument LOD  Accuracy/ 

Uncertainty 

Precision Measurement 

frequency 

Instrument 

Size 

Power 

Consumption 

Reference  

Near-IR 

CRDS  

<18 

pptva 

(30 sec) 

5–15% 
6 pptv 

(30 sec) 
2 se 

31.75 kg 

43.2 x 

17.9 x 

44.6 cm 
 

110 W 

(analyzer) 

75 W 

(pump) 

This study 

Near-IR 

CRDS 

60 pptva 

(1 min) 
<10% 

20 pptv 

(1 min) 
<15 s NR NR 

Hagen et 

al. 

(2014)31 

Off-axis 

integrated 

cavity output 

spectrometer 

(OA-ICOS) 

78 pptv 

(30 sec) 
<11% 

26 pptv 

(30 sec) 
1 s NR NR 

Wilkerson 

et al. 

(2021)32 

Aircraft laser 

infrared 

absorption 

spectrometer 

33 pptvb 10 % 
0.1 ppbv 

(30 sec) 
<30 s 72 kg NR 

Webster et 

al. (1994), 

Voss et al. 

(2001)40,41 

Quartz-

enhanced 

photoacoustic 

spectroscopy 

(QEPAS) 

550 

ppbva 
NR 526 ppbv NR NR NR 

Ma et al. 

(2016)42 

Acetate CI-

ToF-MS 
97 pptva 30% 32.3 pptv <1 s 

59 x 42 x 

83 cm 

<2000 W 

peak 

Crisp et 

al. 

(2014)11 

Iodide CI-

HR-ToF‐MS 

30 pptva 

(30 sec) 
30% 

10 pptv 

(30 sec) 
0.22 s 

~ 59 x 42 

x 83 cm 

<2000 W 

peak 
Lee et al. 

(2018)43 

Sulfur 

pentaflouride 

ion trap CIMS 

66 pptva 10% 22 pptv 1.6 s NR NR 
Jurkat et 

al. 

(2010)44 

APCI-MS-MS 335 pptva NR NR 5 s NR < 17.5 kW 
Karellas et 

al. 

(2003)30 

Tandem mist 

chamber and 

IC-CD 

48 pptvc <25 % 24 pptvc 2 h NR NR 

Keene et 

al. (2009), 

Keene et 

al. (2007) 
27,28 
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Annular 

denuder and 

IC-CD 

6.9–42 

pptvd 10% NR Hours–Days >10 kg 

400 W 

(Sampling 

equipment 

only) 

This study 

a: 3σ, b: predicted assuming a minimum detectable line-center absorption of 1 × 10−5 can be achieved in 30 s, c: 

precision (σ) determined from averaged paired measurements in 2 h samples on IC-CD and LOD was calculated at 

2σ, d: 3σ calculated range for a 24-hour sampling time from three denuder method blanks, e: instrument data reporting 

frequency. The true measurement frequency will also be affected by surface effects, as described in section 3.4, and 

NR: not reported. 

3.3.3 Laboratory and ambient intercomparison 

We compared the CRDS analyzer-measured HCl with the gas standard mixing ratios 

provided by an IC-certified PD under dry conditions and observed a close to 1:1 correlation. We 

explored 5 mixing ratios 12, 16, 21, 32, and 45 ppbv (Figure 3-2). These levels are greater than 

what are observed in the ambient atmosphere but demonstrate good signal response linearity. 

When the HCl gas entrained in flows of higher RH (≥ 50 %) a negative bias was observed, although 

the measurements generally remained within the quantified error in the PD output. Negative bias 

from the provided HCl mixing ratios at 50 % and 80 % RH were 9.6 % and 14.9 %, respectively. 

As described above, there is no spectroscopic water absorption interference in the HCl 

measurement indicating that water increased HCl losses to gas handling surfaces for experiments 

conducted in humidified air. Inlet surface effects are well established for gaseous strong acids and 

bases, as these compounds readily sorb at interfaces (e.g., Eisele and Tanner (1993), Kim et al. 

(2008), Neuman et al. (1999), Pszenny et al. (1993), Roscioli et al. (2016)).45–49 The comparison 

presented here is a best-case scenario because the sampled mixing ratios were much greater than 

expected in the ambient atmosphere, and therefore less likely to be impacted by surface effects. 

Surface effects under humid conditions necessitated the mitigation and quantification efforts 

described further in Section 3.3.4. To practically validate the CRDS under real-world conditions 

and atmospherically relevant mixing ratios, an ambient intercomparison was performed over a 

period of 7 days (4–11 April 2019). 
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Figure 3-2. Comparison of CRDS HCl measurements and output from an HCl permeation device 

over a range of RHs. Error bars in the x direction represent propagated IC measurement error, 

while error bars in the y direction represent the standard deviation of online sampling plateau for 

each mixing ratio (low magnitudes mean these error bars do not extend beyond the points). A 1:1 

correlation (solid black line) is shown with the uncertainty in the permeation device emission rate 

(shaded grey area). 

Online HCl detection by CRDS showed good agreement with HCl mixing ratios quantified 

from ten annular denuder extracts collected according to EPA Compendium method IO-4.2,26 

which is a standard offline method for quantitation of acidic atmospheric gases (see Figure 3-3a). 

Measurements from the two instruments were linearly related with a slope of 0.97 ± 0.15, as 

determined by orthogonal least distance regression, with a y-intercept of -0.001 ± 0.021. Half of 

the measurements are within 10 % of a 1:1 correlation and the remaining half fall within 25 %. To 

further validate the comparison a linear correlation coefficient (see Figure A-6) of 0.93 ± 0.14 was 

determined for the two methods and shows good agreement with the orthogonal least distance 

regression. Changes in RH had no systematic bias on the correlation. Our intercomparison 

indicates that CRDS measures HCl with comparable results to those obtained by carbonate-coated 
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annular denuders. While the latter requires offline analysis, the CRDS has the additional benefit 

of continuous high time resolution measurements at 0.5 Hz and dramatically better precision.  

Although average HCl measurements between the CRDS and denuders agreed well, much 

of the useful temporal variability were lost in the time-integrated denuder data (Figure 3-3b). For 

example, from 19:00 April 5 to 01:00 April 6 (All times EDT) the CRDS measured mixing ratios 

between 91 and 598 pptv. This rapid change of mixing ratios is not captured by the 24-hour average 

denuder-measured mixing ratio of 348 pptv. The fast time response of the CRDS also captured 

other rapidly changing HCl features such as the peak observed on between 00:00–06:00 on April 

7. The 6-hour event started at 80 pptv and increased at a rate of 1.2 pptv min-1 to 230 pptv over 

~120 minutes, followed by a decrease at a rate of 0.5 pptv min-1 for ~240 minutes to 98 pptv. The 

fast time response of the CRDS on the order of minutes is crucial when applying the technique to 

the real atmosphere for the purpose of fully constraining the sources and sinks for HCl, for which 

many precursors have similar lifetimes, and ultimately improve our understanding of the Cl 

budget.11  

Results from the laboratory and ambient intercomparisons were used to determine the 

accuracy of the HCl analyzer as 5 to 15 %. The lower bound of uncertainty (5 %) was determined 

from the laboratory intercomparison under the optimal dry conditions (Figure 3-2). The upper 

bound of uncertainty (15 %) was consistent across the laboratory intercomparison under the 

highest RH (80%) conditions tested (Figure 3-2) and the standard deviation of the orthogonal 

distance regression slope from the ambient intercomparison (Figure 3-3a). 
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Figure 3-3. (a) Comparison of HCl measured 4–11 April 2019 using annular denuders and CRDS 

(averaged to the collection time of denuders). Denuder error bars are derived from the error in the 

IC calibration, standard deviation of method blanks, and extraction recovery. CRDS measurement 

errors are the precision in a single measurement combined with data loss for flagged instrument 

errors. Also shown are a 1:1 correlation line (solid grey), 10 % (short grey dash) and 25 % (long 

grey dash) deviation from 1:1, and the orthogonal distance regression (solid black). Points are 

coloured by the average RH during sampling. (b) Continuous HCl mixing ratio timeseries by 

CRDS overlaid with averaged 24-hour denuder measurement analyzed by IC with lines coloured 

according to the average RH during sampling. 



84 
 

3.3.4 Sampling line and instrument response time assessment 

We have thus far demonstrated the efficacy of the CRDS for accurately analyzing gas 

standards and ambient HCl. However, the potential for sampling losses or desorption sources of 

surface-active gases that could affect the quality of such measurements is ubiquitous, and the study 

of these effects are well established.11,49–51 This makes quantification a challenge as there are 

typically long equilibration times associated with signal stabilization. Long equilibrations make 

fast time response detection difficult without first characterizing line sorption and desorption, 

followed by making inlet modifications to minimize losses.50,52,53 To ensure accurate field 

measurements of HCl, a characterization of the magnitude of HCl loss and desorption during 

sampling was made. The response time of an instrument to a rapid change in HCl can be calculated 

by both the time it takes for the measurement to go from zero to 100 % of the HCl quantity being 

delivered, as well as the time it takes to return from the HCl quantity being delivered back to zero.  

Inlet and instrument surface effects for surface active gases such as HCl can be characterized 

by fitting decay curves to a double exponential;50,51,54,55 

𝑦 = 𝑦0 + 𝐴1𝑒
(−

𝑡−𝑡0
𝜏1

)
+ 𝐴2𝑒

(−
𝑡−𝑡0
𝜏2

)
      (E2) 

 

Where y is the mixing ratio of HCl, y0 is the mixing ratio at the end of the decay, A1 and A2 are 

proportionality coefficients that determine how much the decay is governed by τ1 and τ2 

respectively, t is the time elapsed, and t0 is the initial time. The first time constant (1) represents 

air exchange within the instrument, while the second (2) is the surface interaction equilibrium 

time between HCl adsorbed to surfaces and the overlying airstream mixing ratio. The only term in 

this equation that can be optimized for the CRDS is τ2, which can be reduced by decreasing the 

amount of time HCl interacts with inlet surfaces. The sampling flow rate and cavity temperatures 
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are constant for the commercial software and not adjustable, therefore changing the value of τ1 

was not explored in this study. In most reports τ1 represents the largest change in signal and 

represents instrument response time. For example, Whitehead et al., (2008) found that τ1 values 

governed >75% (i.e., A1) of changes in measured NH3.
56 For the CRDS, measured values of τ1 

were between 5 and 10 seconds under all conditions and could be improved with a faster inlet 

flowrate for the CRDS to subsample from.  

An additional set of experiments was undertaken in which a 24 ppbv HCl standard was 

sampled while varying RH from 0 to 33% (Figure 3-4). The effect of RH on the response time of 

the CRDS was measured using a method similar to that described in Section 3.2.4. The HCl 

standard gas was sampled over three 10 min pulses at each RH (± 2%). The HCl standard was 

introduced into a 3.17 mm i.d. PFA tube and 10 cm long inlet line. Data was background corrected 

to levels measured prior to the standard addition and the signal was normalized to the HCl 

enhancement during the final 10 seconds of each HCl pulse. Due to a lack of inlet characterization 

for systems measuring HCl, we compare our decay constants to literature values for compounds 

with similar surface-active properties (e.g., HNO3 and NH3). The instrument exchange rate (τ1) 

values for spectroscopic methods measuring HNO3 and NH3 are generally faster than our measured 

values for HCl. However, it should be noted that measurements of τ1 reflect differences in sampling 

flow rates and internal volume and are likely affected by the internal filters present in the HCl 

CRDS. Typically, τ1 was <2 seconds,49–51 but could be as high as 4.5 seconds for larger pulses (1 

ppmv) of analyte.49 We observed a highly variable surface interaction equilibrium time constant 

(τ2), with values ranging between 97 and 350 seconds. Reported values of τ2 for other surface-

active gases are similarly variable, with values <50 seconds for heated short clean inlets,49–51 and 

~300 seconds for a contaminated inlet measuring NH3.
51 Major differences in the surface area 



86 
 

between our instrument and the instruments to which we compare are likely to cause τ2 differences. 

Our method employs the use of three filters that increase the gas to surface interactions, and 

therefore increase our equilibrated response time τ2. 

 

Figure 3-4. Background corrected and normalized signal decay curves observed for pulsed HCl 

(24 ppbv) performed at various RHs. Dashed grey lines represent a double exponential fit to the 

average of three cycles at each water mixing ratio. The short and long dashed black lines indicate 

37 % (1/e) and 90 % (t90) decrease from the initial signal, respectively. 

 

Another method for quantifying response time is by calculating the e-folding (1/e) signal 

loss with respect to time. Calculated e-folding response times demonstrated the fast exchange 

within the system with values comparable to τ1. Similarly, a signal decrease of 90% (t90) illustrates 

the total decay of the sampling line. Using e-folding response time and t90 offers a better visual 

understanding of the relative roles for instrument and inlet responses and the impacts of increasing 

RH. We summarize the double exponential decay constants, e-folding response time, and t90 for 

the rise and decay of HCl mixing ratios from pulses delivered to the instrument in Table 3-2 and  

tables A-1–4. Increasing the RH increases the response time of the inlet (Figure 3-4). At the highest 
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experimental RH (33 %), τ2 is increased by almost a factor of two compared to dry conditions, 

from seconds to minutes. At lower mixing ratios the higher RH increased the response times to a 

greater extent (Table 3-2 and Tables S1–S4). The increased response time at high ambient RH 

would not compromise stationary measurements in which HCl mixing ratios changed on time 

scales of minutes to hours but would not capture more rapid changes. The largest impact on CRDS 

time response likely comes from unavoidable effects of partitioning on the large surface area of 

the HEPA filters located before the optical cavity. Minimizing inlet effects for the CRDS where 

observation of HCl mixing ratio changes over <1 min is required (e.g., aircraft or mobile 

measurements) are most important. The wall interactions of HCl can be reduced by increasing the 

inlet flow rate and/or decreasing the tubing length.53 

Physical approaches to improving inlet response include inlet material substitution, heating, 

and pressure reduction, to reduce adsorption of surface-active analytes through removal of surface 

water and promoted mass transfer of analytes to the gas phase.57 Deming et. al., (2019) found that 

PFA tubing had the lowest delay times for semivolatile compounds and would likely extend to 

small polar molecules like HCl.52 For a clean thermally-equilibrated inlet, HCl artifacts can be 

minimized, but if semivolatile aerosol chloride is sampled (e.g., NH4Cl), the thermodynamic 

equilibrium can be shifted to result in a positive bias in the HCl measurement, equivalent to similar 

considerations when measuring HNO3 and NH3.
50,56,57 While HEPA filters prevent aerosol from 

entering the cavity, their elevated temperature (45 °C) could lead to volatilization bias and 

therefore the use of an inlet filter held at ambient temperature to reduce such effects is 

recommended at a minimum.  

Chemical approaches can also help mitigate adsorption of surface-active molecules to inlet 

surfaces through derivatization or passivation. The silanization of glass or stainless-steel to form 
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an inert fluorinated or silicon coating on a virtual impactor or the introduction of a gaseous 

fluorinated compound that adsorbs competitively to instrument surfaces in place of the analytes 

have been demonstrated to substantially reduce surface adsorption on PFA.32,49–51,55 However, 

environmental impacts must be considered when constantly adding fluorinated compounds to 

sampling flows as they may have deleterious environmental consequences.58 In particular, 

perfluorobutanesulfonic acid, the fluorinated chemical suggested for passivating inlets,49 is subject 

to usage restrictions in some European countries based on potential negative human and 

environmental health impacts.59–61 The high surface activity of perfluorobutanesulfonic acid is 

likely to cause issues in the analyzer used in this work because the gas sample comes into direct 

contact with the high reflectivity mirrors. Acid deposition onto mirrors will degrade their 

reflectivity. Silicon coatings on all plumbed surfaces have been successfully used for atmospheric 

HCl measurements,32 and recommended for applications where PFA use is impractical. Although 

a direct comparison has not been conducted for HCl, PFA inlet material has been reported to yield 

better response times than silicon coatings for nitric acid.45 Differences in instrument 

configurations and applications may warrant the use of different inlet materials and coatings for 

successful measurement of atmospheric HCl. 

Table 3-2. Summary of the fit parameters for the double exponential decay curves as a function 

of mixing ratio and humidity, e-folding response time, and t90. 

 

Mixing 

ratio 

(ppbv) 

Residence 

time 

(seconds) 

RH (%) τ1 (seconds) τ2 (seconds) 
1
𝑒⁄  

(seconds) 
t90 

(seconds) 

12 0.021 0 10.3 123 26.5 101 

16 0.028 0 9.6 200 24.7 82 

21 0.037 0 10.1 300 26.4 74 

24 – 

0 2.7 97 2.5 10 

7 5.0 124 2.5 18 

14 5.0 114 2.5 32 

22 5.0 123 3.9 86 
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33 10.0 189 16.1 239 

32 0.056 0 9.4 188 24.5 62 

45 0.079 0 9.7 350 25.6 54 

 

 

3.4 Conclusions 

The suitability of a CRDS analyzer for measuring ambient atmospheric HCl were explored 

through laboratory and ambient air intercomparisons, assessing their inlet and analyzer sampling 

challenges to established atmospheric sampling techniques for strong acids. In comparison to other 

reported instrumentation, the CRDS is shown performing similar or better than the most sensitive 

HCl measurements reported. As with many in situ measurements of HCl, the most significant 

limitation is adsorption/desorption loss and release on inlet surfaces, with the deposition effects 

increasing with increasing RH and decreasing HCl mixing ratios. Given the longstanding 

knowledge of these issues for surface active gases, such as HNO3 and NH3, there are a variety of 

chemical and physical options, discussed in this study, to mitigate inlet effects and achieve faster 

response times for the CRDS. Increasing the flowrate of the sampling inlet, while maintaining 

laminar flow, is the simplest approach to reducing surface effects discussed in Section 3.3.4. 

Spectra capturing errors in the measurement of HCl for the CRDS can occur at high levels of 

VOCs (e.g., near emission point sources or biomass burning plumes) or instrument instabilities 

(e.g., pressure fluctuations), however potential instrument errors are minimal under most operating 

and atmospheric conditions. Finally, comparison with annular denuder observations agreed within 

the combined uncertainties, with the CRDS measurement rate demonstrating the power of 

capturing transient events that are important to constraining atmospheric chlorine chemistry (e.g., 

photolysis of precursors, thermodynamic partitioning, and direct emissions). 
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Abstract 

Chlorine atom (Cl) initiated oxidation yields hydrogen chloride (HCl) that can be detected using 

a high time-resolution cavity ringdown spectrometer (CRDS). We present in this study 

continuous HCl measurements in the polluted marine boundary layer during the Halifax Fog and 

Air Quality Study (HaliFAQS) and demonstrate the efficacy of HCl as a morning tracer of 

photochemical Cl formation. HCl throughout the campaign was elevated when high irradiance 

was observed. Bimodal HCl features in the high irradiance days are consistent with two known 

photochemical processes; (1) morning photolysis of Cl precursors, and (2) midday formation of 

nitric acid (HNO3) followed by acid displacement onto chloride (Cl⁻) containing aerosols. 

Morning rates of HCl increase and solar irradiance were used in conjunction with a rate constant 

fitting function to estimate sunrise ClNO2 mixing ratios. The estimated ClNO2 was then used to 

model HCl for 8 days. Within this period there were 6 days with high irradiance and high levels 

of HCl and 2 days with low levels. The modelled HCl agrees well for high irradiance days and 

captures the features of the first (morning) mode within combined uncertainty in the regression 

analysis and deposition uncertainty. We compared the production of Cl from photolysis of the 

estimated ClNO2 (P(Cl)ClNO2) to the production of hydroxyl radical (OH) from the photolysis of 

measured ozone (P(HOx)O3). For high irradiance days, it was observed that P(Cl)ClNO2 was 13% 

of P(HOx)O3 when considering the full day, and 37% when considering only the morning. This 

observational data shows that HCl can be used to estimate nighttime mixing ratios of ClNO2 and 

the overall influence of Cl on morning tropospheric oxidation chemistry. 

4.1 Introduction 

Tropospheric halogen chemistry influences the fate of atmospheric chemicals, including 

ozone (O3), methane, and volatile organic compounds (VOCs) in the troposphere.1,2 Halogen 

radicals, in particular atomic chlorine (Cl), can deplete O3 and will react rapidly with VOCs 



103 

 

(R4.1.1). Methane and VOC loss through reaction with Cl is 16 and 10–200 times faster, 

respectively, than the hydroxyl radical (OH), and is an important methane sink in regions with 

high activity of chlorine chemistry.3–5 Discerning the global tropospheric budget for Cl atoms is 

difficult due to a lack of direct measurements, and it remains uncertain on a global scale. As 

there are no methods currently able to measure tropospheric Cl, the levels of Cl are typically 

inferred through models that monitor major sinks (e.g. methane loss via R4.1.1).6  

Cl (g) + RH (g) → HCl (g) + R (g) R4.1.1 

The dominant radical in the global atmosphere is OH, which impacts the lifetime of 

methane and VOCs, as well as initiates the reactions that lead to formation of tropospheric O3. 

Primary radicals are generally formed through photolysis of precursor molecules and secondary 

radicals are formed through radical propagation. Secondary radicals produced in the atmosphere 

from reactions of primary radicals are almost exclusively OH. Cl has been demonstrated to act as 

an important primary radical source in some cases (e.g., Young et al., (2012), Young et al., 

(2014), Kim et al., (2014), and Riedel et al., (2014)).5,7–9 Understanding the production of Cl is 

important due to its high reactivity. Higher levels of tropospheric Cl will lead to shorter methane 

and VOC lifetimes but would vary depending on the VOC mixture. For example, Cl initiated 

reactions are much faster than OH for saturated hydrocarbons.7 The amount of Cl present in the 

atmosphere is small relative to OH, and are typically on the order of 103 atoms cm-3, but can be 

as high as 105 atoms cm-3 in the early morning.5,6,9,10 Elevated levels in the morning can influence 

the chemistry throughout the rest of the day through the production of secondary radicals.7 For 

example, during the CalNex campaign in Los Angeles, Cl from the photolysis of ClNO2 (R4.1.2) 

accounted for more than 50% of primary radicals in the morning on sunny days.8,11  

ClNO2 (g) + hv → Cl (g) + NO2 (g) R4.1.2 
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Such sources of Cl are termed reactive chlorine (Cly) and have been of emerging 

importance to understanding atmospheric oxidation. In this work Cly represents all chlorine-

containing species that can undergo common atmospheric reactions to yield a Cl atom. 

Mobilization of chloride (Cl⁻) from sea spray aerosol (SSA) that mixes with emissions of 

nitrogen oxides (NOx≡NO+NO2) in the marine boundary layer (MBL) can transform relatively 

unreactive aqueous Cl⁻ into Cly; these transformations are known as chlorine activation. Two 

major pathways for chlorine activation include; hydrogen chloride (HCl) production via acid 

displacement (R4.1.3, where M is a cation (e.g., Na+) and HX is a strong acid),12–17 and 

nighttime formation of ClNO2 from reactive dinitrogen pentoxide (N2O5) uptake into aqueous 

aerosols (R4.1.4).18–24  

HX + MCl (s or aq) → MX (s or aq) + HCl (g) R4.1.3 

N2O5 (g) + Cl⁻ (aq) + H+ (aq) → ClNO2 (g) + HNO3 (aq) R4.1.4 

The most common acid and salt combination for HCl acid displacement are nitric acid (HNO3, 

R4.1.5) and sodium chloride (NaCl, found in SSA).25,26 The rate of acid displacement in the 

MBL is typically limited by HNO3 (formed photochemically from R4.1.6). The formation of 

HNO3 is typically photochemical (i.e. driven by irradiance), meaning that production is highest 

when OH is highest and NOx levels are not limiting, which is typically midday in moderately 

polluted environments.27,28  

HNO3 (g) + NaCl (s or aq) → NaNO3 (s or aq) + HCl (g) R4.1.5 

NO2 (g) + OH (g) → HNO3 (g) R4.1.6 

In the MBL the dominant Cly species that dictate Cl atom production in the morning and 

afternoon are ClNO2 and HCl, respectively. Riedel et al., (2012), found that ClNO2 photolysis 
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(R4.1.2) and the reaction of HCl with OH (R4.1.7) each accounted for 45% of the integrated Cl 

atom production over the entire day along the Santa Monica Bay of Los Angeles.21  

HCl (g) + OH (g) → Cl (g) + H2O (g) R4.1.7 

Distinguishing between the two Cl activation mechanisms is challenging as it typically requires 

complete measurements of precursors (e.g., ClNO2, HNO3, etc.) and the factors that influence 

each pathway (e.g., irradiance and relative humidity (RH)). Photolabile Cly builds up during the 

night and is readily photolyzed in the early morning. The resulting Cl production and subsequent 

HCl formation (R4.1.1) during the morning has mostly be attributed to ClNO2.
5,8 Since HNO3 

concentration peaks midday (R4.1.6), the HCl formed from R4.4 will follow the same temporal 

trend. Thus, it may be possible to distinguish the two mechanisms using high time resolution and 

sensitive HCl measurements.  

 Tropospheric HCl levels commonly range from 10 to 1000 parts per trillion by volume 

(pptv).29–31 In-situ high-time response measurements are challenging due to the fact HCl is a 

surface active gas that readily sorbs to inlet materials.29,32,33 Online measurements have been 

generally accomplished by acetate or iodide chemical ionization time of flight mass spectrometry 

(CI-ToF-MS) or CI quadrupole MS (CI-QMS),29,34,35 but emerging spectroscopy based 

techniques have been shown to have desirable qualities for field deployment, including high 

accuracy, simple operation, and portability.30,31,33,36 In-situ high time-response measurements 

provide more information on HCl sources of sinks when compared to traditionally-used methods 

which rely on time integrated (2 hours – days) scrubbing of ambient air followed by offline 

analysis.25,37,38 It is imperative that we can make measurements on the same timescale as the 

reactions/processes which influence Cly sources and sinks, so that we can identify the 

contributing processes and their relative importance to Cl and HCl production. The objectives of 
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this work are to: (i) make continuous, high time-resolution measurements of HCl in an urban 

MBL; (ii) estimate the importance of photolabile Cl precursor compounds to observed HCl 

levels; and (iii) assess the contribution of photolabile Cly to radical formation. 

4.2 Methods 

4.2.1 HaliFAQS campaign 

Sampling was conducted as part of the Halifax Fog and Air Quality Study (HaliFAQS) in 

Halifax, Nova Scotia, Canada (population ~400,000) from May 25 to June 25, 2019. All 

measurements were made from the rooftop of the five story St Mary's University student union 

building (44°37'55.8"N, 63°34'48.4"W, ~50 m above sea level, including building height). The 

outdoor temperatures ranged from 5–25 °C (mean of 13.3 °C) and the RH ranged from 26–98% 

(mean of 76%). Air masses arrived at the observation site predominantly from the Atlantic 

Ocean (southeast), and a wind rose plot showed correlation between HCl and southeastern winds 

(see Figure B-1). The port of Halifax is the fourth largest port in Canada (measured by container 

volume) and connected to more than 150 countries via 18 direct shipping lines.39 The port is 

integrated into the downtown area of the city and roughly 1.5 km from the measurement site. 

Therefore, the emissions from this shipping traffic may influence the chemistry reported in this 

study. 

4.2.2 HCl measurement 

HCl was measured at 0.5 Hz using a cavity ring-down spectrometer (CRDS, Picarro 

G2108). The instrument is described in detail in Chapter 3. All indoor inlet lines and fittings 

were kept in a thermostated room that fluctuated from 25–30 °C. All inlet lines and fittings were 

made of perfluoroalkoxy (PFA) unless stated otherwise. A full schematic of the sampling 

apparatus indicating the separation between the outdoor and indoor inlet line lengths is provided 
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in Figure B-2. A mass flow controller (GM50A, MKS instruments, Andover, Massachusetts, 

USA) regulated a sampling flow of 14.7 L min-1 using a diaphragm pump through a 2.4 m 

sampling inlet (i.d. of 0.375”) from the ambient outdoor environment. The outdoor air was pulled 

through a URG teflon coated aluminum cyclone (URG Corporation, Chapel Hill, North Carolina, 

USA) with a 2.5 µm aerodynamic diameter cut-off for particulate matter to prevent deposition of 

local sea spray. The CRDS sampled 2.0 L min-1 from the main inlet line, yielding a total inlet 

flow of 16.7 L min-1, which gave a residence time of 0.75 seconds. The CRDS sample flow 

passed through a polytetrafluoroethylene (PTFE) filter (2 µm pore size, 47 mm diameter, TISCH 

scientific, North Bend, Ohio, USA) and then two high efficiency particulate air (HEPA) filters 

contained within the CRDS outer cavity metal compartment heat-regulated to 45 °C. Instances of 

flagged instrument errors in the CRDS data during ambient observations were removed as 

standard practice in quality control procedures. 

4.2.3 Supporting measurements 

Supporting measurements for the HaliFAQS campaign were collocated with the HCl 

measurements described in Section 4.2.1 and included NO, NOx, O3, formaldehyde (HCHO), 

solar irradiance, and meteorological data. NO and NOx were measured using chemiluminescence 

(American EcoTech EC9841) and NO2 levels were calculated as the difference between NOx and 

NO. O3 was measured using absorption spectroscopy (American EcoTech Serinus 10). The NO, 

NOx, and O3 measurements were made through the same inlet as HCl (Figure B-3). Gas-phase 

HCHO (spectral window 2745–2800 cm-1) was measured using open-path Fourier transform 

infrared spectroscopy (OP-FTIR).39 The active broadband IR source is modulated by a low-

resolution Fourier transform spectrometer arranged in a monostatic configuration. Collimated 

radiation is focused on a mercury-cadmium-telluride broadband IR detector (spectral window of 
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700 and 6000 cm-1). Solar irradiance measurements (kW m-2) were captured using a HOBO S-

LIB-M003 Solar Radiation Smart Sensor paired with a HOBO H21-USB Micro Station data 

logger. The Davis Vantage Pro 2 weather station was used to monitor outdoor pressure, 

temperature, wind speed, and wind direction. Planetary boundary layer height was extracted for 

the campaign period from the Environment and Climate Change Canada (ECCC) High 

Resolution Deterministic Prediction System (HRDPS) Global Environmental Multiscale (GEM) 

model (2.5-km resolution) forecast archives (Figure B-4).40 Photolysis rate coefficients were 

calculated using the National Center for Atmospheric Research (NCAR) tropospheric ultraviolet 

and visible (TUV) radiation model-version 5.3.41 

4.2.4 Estimating mixing ratios of morning chlorine precursors 

The dominant photolabile morning Cl precursor is ClNO2, with Cl2 generally playing a 

minor role (< 1%) (e.g., Riedel et al., 2012; Riedel et al., 2014; Sarwar et al., 2012; Sarwar et al., 

2014; Thornton et al., 2010; Young et al., 2012; Haskins et al., 2018).5,8,21,22,35,42,43 To explore 

this further, we selected days in which photolabile Cl precursors were likely to be major 

contributors to observed HCl. These were determined through the combination of early morning 

high irradiance conditions and a fast-morning rise of HCl. We also selected days that do not meet 

the aforementioned criterion for quality control. Quality control days were chosen due to their 

slow morning rise in HCl and low morning irradiance relative to the average. Eight days were 

selected: June 3, 5, 7, 13, 15, 17, 18, and 19, 2019. Days with an early morning high irradiance 

include June 13, 17, 18, and 19, while days chosen for their low irradiance include June 3, 5, 7 

and 15. Using the TUV model, photolysis rate coefficients (jClNO2) were calculated under clear-

sky conditions at 15-minute intervals for the full days. The clear-sky j-values were scaled to 

observed irradiance using the ratio of 15-minute measured irradiance to the theoretical maximum 
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clear sky irradiance at each time point (described in the Appendix B1).41,44–46 Assuming that the 

increase in HCl in the early morning is solely from R4.1.1 due to Cl atoms generated by 

photolysis of ClNO2 (R4.1.2), the following equation can be written: 

ΔHCl = 900 jClNO2([ClNO2]i − ΣHCl)     (E1) 

Where ΔHCl is the change in HCl mixing ratio (calculated as the difference between deposition-

corrected [HCl]t - [HCl]t-1 for each 15-min interval from sunrise (04:30) to 10:30 (Atlantic 

Daylight Time (ADT)), with all negative values represented as zero), [ClNO2]i is the mixing 

ratio of ClNO2 present at sunrise, and ΣHCl is the sum of HCl formed since sunrise (determined 

using the deposition-corrected measured HCl mixing ratios from 04:30 to 10:30 ADT). 

Deposition was considered for both ΔHCl and ΣHCl. To account for the continual loss of HCl by 

deposition, we generated two sets of the independent variables ΔHCl and ΣHCl for low (1 cm s-

1) and high (6 cm s-1) deposition velocities. The estimated loss of HCl was determined from 

modelled boundary layer height and measured HCl. The estimated loss by deposition of HCl in 

the 15-min timeframe was added to the existing measurement of HCl to generate deposition-

corrected values of ΔHCl and ΣHCl that were used in the regression analysis. The three 

independent measured variables ΔHCl, jClNO2, and ΣHCl were used to determine [ClNO2]i. The 

coefficient [ClNO2]i was calculated using least-squares regression analysis on E1 in Igor Pro 8 

(Wavemetrics, OR, USA). Two initial ClNO2 mixing ratios corresponding to high and low 

deposition conditions were calculated. Using the calculated mixing ratios, the production of HCl 

can be modelled from the resulting photolysis, where the two mixing ratios represent the upper 

and lower bounds of predicted HCl. This assumes that all Cl reacts to form HCl. The uncertainty 

introduced through this assumption is heavily dependent on the VOC profile and does not 

necessary reflect a systematic loss. The reactivity of Cl in the ambient atmosphere is not well 
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constrained. One study has examined Cl reactivity in a polluted MBL (Los Angeles during early 

summer) and from that data approximately 75% of the reactions result in H abstraction via 

R4.1.1.7 This reactivity is highly location- and condition-dependent and cannot be directly 

applied to our measurements. Our assumption that all Cl reactions that yield HCl via R4.1.1 

results in a conservative estimate of [ClNO2]i that is a lower limit to the true value. This 

assumption does not affect the modelled HCl. Another assumption made is that ClNO2 is the 

only photolabile precursor that yields HCl, attempts to use Cl2 was deemed to be ineffectual and 

not included in this work (see Figure B-5). Simulating and comparing the measured HCl allows 

us to validate this method as an indirect estimate of the lower limit of ClNO2 as the Cl, which is 

discussed further is Section 4.3.2.  

4.2.5 Calculating radical production 

We calculated hydrogen oxides (HOx ≡ OH + HO2) primary radical production using 

surface level measurements of O3 and HCHO (R4.2.1–2.5). Clear days that exhibited good 

correlation between modelled HCl and measured HCl were chosen to compare Cl production 

with HOx. Two days were selected for calculating radical production: June 13 and 18. Using both 

the upper and lower ranges of HCl deposition velocity, the [ClNO2]i was determined and their 

mean to calculate Cl production. Photolysis of nighttime [ClNO2]i was calculated in 15-minute 

intervals to match the irradiance-normalized photolysis rate constants. We assumed no sources of 

ClNO2 after sunrise and the continual loss due to photolysis was tracked. Photolysis rate 

coefficients for O3 (jO3) and HCHO (jHCHO) were calculated as described above for jClNO2. 

Ozone measurements for June 13 and 18 were averaged over 15-minutes over the same time 

frame as jO3. This was combined with pressure and RH data to generate the production of OH 

(P(HOx)O3), accounting for the quenching of O (1D) with M (O2 or N2) via R4.2.2. HCHO was 
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diurnally averaged for the full campaign due to data gaps and averaged again into 15-minute bins 

to match jHCHO. The reaction of H atoms with molecular oxygen (R4.2.5) is assumed to be 

instantaneous, such that R4.2.4 determines P(HOx)HCHO. 

O3 (g) + hv → O2 (g) + O (1D, g) R4.2.1 

O (1D, g) + M → O (3P, g) + M R4.2.2  

O (1D, g) + H2O (g) → 2OH (g) R4.2.3  

HCHO (g) + hv → H (g) + CHO (g) R4.2.4  

H (g) + O2 (g) → HO2 (g) R4.2.5 

 

4.3  Results and discussion 

4.3.1 HCl measurements and sources 

Measurements of HCl during HaliFAQS ranged between a daytime maximum of 572 pptv 

and a nighttime minimum of 55 pptv, with a mean value of 97 pptv (Figure 4-1). In most cases, 

HCl levels were higher during the day than at night. We typically observed higher HCl on days 

with high solar irradiance compared to those with low solar irradiance (Figures 4-1 and B-5). 

These trends are generally consistent with the literature (Tables 4-1 and B-1), where HCl 

formation has been attributed to photochemical processes, either acid displacement by 

photochemically-generated HNO3 (R4.1.5, 4.1.6) or reaction of photochemically-generated Cl 

with organics (R4.1.1). Elevated levels of HCl observed at night are likely caused by direct 

emissions,31 for example, suspected direct emissions of HCl were observed during the night of 

May 27 (Figure 4-1). Low levels of HCl and irradiance from May 26 — June 6 are due to 

observed fog events and overall cloudy conditions. Incidences of light raining events during this 

timeframe could also explain lower levels of HCl due to greater loss by wet deposition. 

Temperatures tended to be lower and could be indicative of a poorly mixed boundary layer 
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which might explain rapid and unpredictable changes (e.g., May 29 at ~ 14:00) in HCl from 

advection. Meteorological conditions can be used to better understand and complement observed 

trends of our local HCl levels. 

Our results are similar to those reported using the same technique in another Atlantic 

Canadian city (St. John’s, Newfoundland and Labrador, ~900 km east of Halifax) in early 

spring.31 The HCl level for our dataset is higher than that observed in St John’s (63 pptv), likely 

due to the greater overall available irradiance during HaliFAQS; however, the maximum value 

observed in St John’s (1220 pptv) exceeds our highest observed value and also coincided with 

high irradiance. To explore the importance of photochemical processes further, we examined 

diurnal trends separated by irradiance levels. We defined high irradiance days as those within 

25% of maximum integrated irradiance and defined the remaining days as low irradiance (Figure 

4-2). 

 

Figure 4-1. HCl timeseries from May 25 to June 25, 2019, for the HaliFAQS campaign colored 

by irradiance.  
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We observed bimodal features in many high irradiance days, with HCl peaking at about 10:00 

and 14:00 ADT. On some high-irradiance days, we also observed days that had only a single 

mode, corresponding to high HCl in the morning or afternoon. The bimodal feature supports the 

inference that two major photochemical mechanisms previously established as HCl sources are 

responsible for its production in the MBL: photolysis of photolabile Cly (likely more important 

earlier in the day) and acid displacement (likely more important after mid-day). Both previously 

described photochemical mechanisms are important for HCl production and are heavily 

influenced by NOx pollution. Figure B-6 illustrates the two mechanisms for elevated HCl levels, 

both required high irradiance. The first mechanism is limited by NO2 and therefore low HNO3, 

and elevated HCl is likely to be from R4.1.1. The second mechanism shows the slight increase in 

HCl with elevated HNO3 as expected via R4.1.5. The two mechanisms rely on many of the same 

external factors such as irradiance, NOx and Cl⁻ containing SSA. By examining the relationship 

between HCl, time of day, and irradiance, we can better understand the relative importance of 

these two mechanisms. Days with an observed afternoon mode of HCl formation (June 3, 5, 7, 

17, 18, and 19) tended to have HCl peak between 14:00–18:00 ADT, which is consistent with the 

expected photochemical production of HNO3. Predicting the days that will have single or 

bimodal features is complex and heavily dependent on the temporal and spatial trends for daily 

local emissions of the precursor compounds for HCl formation. We observed that quick-rising 

HCl in the morning leading to a mid-day maximum was often correlated with irradiance. The 

relationship between irradiance and HCl in the early morning in 22 of our 31 measurement days 

suggests photolysis of photolabile precursors as a likely mechanism. Only one day was observed 

(May 28) on which there was high morning irradiance and low HCl, which we hypothesize was 
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due to limited Cl precursor production the previous night. The formation of HCl from photolysis 

of photolabile precursors was explored further using a box model.  

 

 

Figure 4-2. Diurnally averaged hourly observations of HCl for the full HaliFAQS campaign. 

Measurements are separated by days with high and low irradiance. See the text for a description 

of the definition of high and low irradiance days. Shaded areas represent the standard deviation 

in the hourly HCl measurement. 

Table 4-1. Summary of selected modern measurements of HCl in the MBL reported starting 

from December 2000. Numbers in brackets represent the mean value. 

Location Date Method 
HCl mixing ratio 

range (pptv) 
Reference 

Halifax, Nova 

Scotia, Canada 
May–June 

2019 
CRDS 55–572(97) This study 

St John’s, 

Newfoundland, 

Canada 

April 2017 CRDS <20–1210(63) 
Angelucci et 

al.,(2021)31 

Northern 

California 

Coast, US 

February–

March 2015 
Iodide CI-TOF-MS 100–380(199) 

Haskins et 

al.,(2018)35 

Southern February– Iodide CI-TOF-MS 530–2700(1300) Haskins et 
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California 

Coast, US 

March 2015 al.,(2018)35 

Cyprus 
July–August 

2014 
Iodide CI-QMS <135–3000(790) 

Eger et al., 

(2019)34 

Central 

California 

Coast, US 

May–June 

2010 
Acetate CI-TOF-MS 0–2800(440) 

Crisp et 

al.,(2014)29 

Southern 

California 

Coast, US 

May–June 

2010 
Acetate CI-TOF-MS 0 to >16000(2200) 

Crisp et al., 

(2014)29 

Sao Vicente 

Island, Cape 

Verde 

May–June 

2007 

Tandem Mist 

Chamber/IC 
50–600 

Lawler et 

al.,(2009)47 

Appledore 

Island, Maine, 

US 

July–August 

2004 

Tandem Mist 

Chamber/IC 
5–5800(600) 

Keene et al., 

(2007)25 

Germany to 

South Africa 

October–

November 

2003 

Tandem Mist 

Chamber/IC 
20–1400 

Keene et al., 

(2009)38 

Dumont 

d'Urville, 

Antarctica 

December 

2000— 

December 

2001 

Tandem Mist 

Chamber/IC 
30–300 

Jourdain and 

Legrand., 

(2002)48 

S. Carolina, 

US to 

Canadian 

Coast 

July–August 

2002 

Tandem Mist 

Chamber/IC 
<25–4500 

Keene et al., 

(2004)49 

 

4.3.2 A box model to explore HCl formation and assess the contribution of photolabile Cly 

to radical formation 

A box model was used to predict HCl from the photochemical production of Cl atoms from 

ClNO2 (Figures 4-4 and B-7). This approach to modelling HCl does not include other parameters 

that could affect the HCl mixing ratio, including direct emissions or advection. As discussed in 

Section 4.3.1, meteorological conditions can affect observed levels of HCl and are currently not 

used in this model to decouple impacts of higher temperatures and/or the varying degrees on 

mixing within the boundary layer. Predicting the HCl from the photolysis of our estimated 

[ClNO2]i and comparing it back to the measured HCl is used here to illustrate that using the rate 



116 

 

of change in measured HCl from 4:30 to 10:30 AM is valid. A good indication of the validity of 

the box model used to estimate [ClNO2]i is the agreement between the time that predicted and 

measured HCl begin to rise in the morning and the ability to explain observed HCl past the 

modelled timeframe (i.e., later than 10:30 AM).  The day-to-day variability of HCl observed in 

Section 4.3.1 indicates that HCl can potentially form by either or both photolysis of Cly 

precursors and/or acid displacement reactions. Most days show good agreement between 

predicted and measured HCl for the first morning mode. The days we modelled can be described 

by one of the following: (i) Days with primarily early morning HCl formation; (ii) Days with 

both morning and afternoon formation HCl; and (iii) days with broad and indistinguishable 

mechanisms of daytime HCl formation. 

The days that solely have HCl production in the morning mode (category (i)) were June 13 

and 18 (Figure 4-4c, e); these days had a single early and fast-rising HCl peak that coincided 

with high irradiance in the early morning. On these days we argue that photolysis of ClNO2 is the 

dominant source of Cl into the MBL. The absence of a strong afternoon peak of HCl on these 

days is presumably due to a lack of photochemical HNO3 and is consistent with low NO2 (~5.5 

ppbv) when compared to ~15 ppbv of NO2 for days with observed second mode (Figure B-7). 

We do not expect to capture the totality of the HCl with our model, but a close match between 

measurement and model data on these days strongly indicates that photolysis can be the 

dominant source of HCl, and ultimately Cl, in the polluted MBL. The use of high time resolution 

measurements that are similar to the timescale of ClNO2 photochemistry support this assertion 

further. 

The days on which two clear peaks of HCl were observed (category (ii)) were June 5, 15, 

17 and 19 (Figure 4-4d, f and B-8a, b). The predicted HCl maximum agreed well with the 
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measured HCl maximum only early in the day and did not agree with measurements later in the 

day. This suggests the peak mixing ratio and rate of increase corresponding to the morning mode 

for HCl is influenced by photolytic formation of Cl, while formation later in the day is likely 

caused by acid displacement. These bimodal days illustrate the two competing chemical 

pathways in daily HCl production. As expected, the box model can accurately capture the first 

mode attributed to photolytic production of Cl but not the second mode corresponding to the 

suspected acid displacement as the chemistry and measurements required to model it are not 

included. 

The days that had an indistinguishable dominant mechanism (category (iii)) were June 3, 

and 7 (Figure 4-4a, b). June 7 had similar integrated irradiance levels to category (i) days and 

showed fair agreement between the initial modelled and measured HCl rate but failed to capture 

the totality of the initial peak and loss processes in the afternoon. It is possible that direct 

emissions or other HCl sources could be influencing HCl levels on these days. There is need for 

more routine measurements under different ambient conditions and for different regions, to 

better interpret and differentiate direct and photochemical sources for HCl and better understand 

the contributions of morning Cly photolysis in initiating radical production. 

We also tested our model on June 3 and 5 (Figure 4-4a and B-8a) where irradiance was 

lowest (<10% of maximum irradiance). These days had some of the lowest mean levels of HCl 

(40 and 48 pptv, respectively) and served as negative controls for our model. As expected, these 

days had some of the poorest agreement between model and measurement. 
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Figure 4-3. Modelled HCl (blue) formed via the photolysis of predicted ClNO2 and measured 

HCl (black). Blue shading indicates the uncertainty in the modelled HCl from the range of 

deposition velocities. Yellow vertical line denotes time at sunrise. Grey shaded region is the error 

(σ) associated with the fitting function. (a) June 3, (b) June 7, (c) June 13, (d) June 17, (e) June 

18, and (f) June 19. Note different y-axis scales. 
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4.3.3 Estimated influence of Cl as a primary radical source  

We used the predicted Cl formed from photolysis of ClNO2 ((P(Cl)ClNO2) for the two days 

with high irradiance and a single morning mode (and good agreement in the modelled to 

measured HCl) to assess the strength of this radical source compared to other major radical 

sources (Figures 4-5 and 4-6). It should be noted that this is not a radical budget, since we were 

unable to determine radical production from all primary radical sources that have been shown to 

be important in urban areas. For example, we cannot estimate the production of OH from the 

photolysis of nitrous acid.8,9,50 P(Cl)ClNO2 was determined from the conservative estimates of 

[ClNO2]i determined in Section 4.3.2 and is therefore a lower limit based on the assumptions 

discussed in Section 4.2.4. Photolysis of O3 (R4.2.1) and the subsequent reaction of O(1D) with 

water (R4.2.3) to yield OH (P(HOx)O3) is the dominant HaliFAQS radical producer, followed by 

photolysis of HCHO (R4.2.4, P(HOx)HCHO), and finally P(Cl)ClNO2. The contribution of Cl to 

morning time radicals in Halifax is important relative to these other radical sources. The timing 

and impact are different because P(HOx)O3 and P(HOx)HCHO both peak near midday, while 

production of Cl from ClNO2 peaks in mid-morning, around 10:00 am (Figure 4-5). On June 13, 

P(Cl)ClNO2 was 8% of P(HOx)O3 when considering the full day, and 19% when considering only 

the morning (Figure 4-6). On June 18, P(Cl)ClNO2 was 13% of P(HOx)O3 when considering the full 

day, and 37% when considering only the morning. Only a few studies have calculated P(Cl)ClNO2 

and P(HOx)O3 to which we can compare. A radical budget during the early summer 2010 CalNex 

campaign in Los Angeles showed P(Cl)ClNO2 was 11% of P(HOx)O3 when considering the full 

days averaged over 8 sunny days, while it accounted for 37% in the mornings.8 Comparing the 

averaged data in Los Angeles to the radical production in Halifax on June 18, P(HOx)O3 in 

Halifax was lower by approximately 45%, P(HOx)HCHO was lower by approximately 90%, and 

P(Cl)ClNO2 was lower by approximately 50%.8 Despite the maximum radical production 
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determined during HaliFAQS being approximately half of what was observed during CalNex, 

the relative contributions of P(Cl)ClNO2 to P(HOx)O3 between the two cities are similar. High 

levels of ClNO2 in the morning will photolyze yielding Cl to initiate oxidation and radical 

propagation earlier with respect to classic OH-initiated oxidation, which subsequently influences 

the degradation of VOCs that have slow loss through reaction with OH. These new VOC radical 

precursors then continue to produce secondary OH and O3 that go on to further impact air quality 

compared to an atmosphere devoid of Cl atoms. Photolabile Cly is therefore an important radical 

source and these findings are consistent with previous studies that measured ClNO2 in the 

MBL.5,8 Another primary source of Cl that has been shown to be important in the MBL is 

reaction between OH and HCl (R4.1.7).21 We cannot estimate its importance during HaliFAQS, 

but it likely also contributes to the available Cl.  
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Figure 4-4. Comparison of major ground-level radical sources: P(HOx) from reaction of O(1D) 

with water (red), P(HOx) from diurnally averaged HCHO photolysis (blue), and P(Cl) from 

predicted ClNO2 photolysis (green), for (a) June 13, and (b) June 18. Traces are stacked. 
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Figure 4-5. Integrated ground-level radical production during the HaliFAQS campaign for three 

radical sources: P(HOx) from reaction of O(1D) with water (red), P(HOx) from diurnally 

averaged HCHO photolysis (blue), and P(Cl) from predicted ClNO2 photolysis (green) for (a) 

June 13 and (b) June 18 showing radical contributions for both the full day and morning (06:00 –

12:00). 

4.4 Conclusions 

In this work we made continuous, high time-resolution measurements of HCl in an urban 

MBL during the HaliFAQS field campaign and compared with previous measurements in the 

MBL. Bimodal peaks of HCl during days with high irradiance showed the presence of two 

photochemical mechanisms. The first mode was from the photolysis of Cl precursor compounds 

followed R4.1.1, and the second mode is suspected to be from the midday formation of HNO3 

followed by acid displacement onto Cl⁻ containing SSA. We used the rate of measured HCl to 
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determine the contribution of photolabile precursor ClNO2 to observed morning HCl rates for 8 

days. Predicted HCl from the photolysis of the determined initial ClNO2 showed good agreement 

for high irradiance days during and past the modelling timeframe (i.e., 4:30 to 10:30 AM). In the 

absence of determining instantaneous deposition velocities, we accounted for the continual loss 

of HCl by deposition by generating two sets of data for low (1 cm s-1) and high (6 cm s-1) 

deposition velocities and display the data as a conservative range. On the most active day for Cl 

chemistry (June 18), it was observed that P(Cl)ClNO2 was 13% as large as P(HOx)O3 when 

considering the full day, and 37% in the morning. Thus, it is important that Cl contributions to 

total radical production continue to be explored in the MBL to further understand the differences 

between full day and morning tropospheric oxidative capacity. 
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Abstract 

Total gaseous chlorine (TClg) measurements can illuminate unknown sources of Cl to the 

atmosphere. Techniques for measuring TClg have been limited to offline analysis of extracted 

filters and do not provide suitable temporal information on fast atmospheric process. High time-

resolution in-situ measurements of TClg can be captured by combusting ambient air on a catalytic 

platinum (Pt) substrate contained in high temperature furnace that is coupled to a cavity ring-down 

spectrometer (CRDS). The method relies on the complete combustion of TClg to release Cl atoms 

that react to form HCl, detection of HCl by CRDS has been shown to be fast and reliable. We 

constructed custom organochlorine permeation devices (PDs) to generate low emitting gas-phase 

standards for dichloromethane (DCM), 1-chlorobutane (CB), and 1, 3-dichloropropene (DCP). 

The optimal conversion temperature and residence time through the high-temperature furnace was 

825 °C and 1.5 seconds, respectively. Complete conversion is indicated by the near unity 

orthogonal distance regression analysis slope (±σ) of 0.996 ± 0.012, 1.048 ± 0.006, and 1.027 ± 

0.061 for DCM, CB, and DCP, respectively. Breaking these strong C-Cl bonds represents a proof 

of concept for complete conversion of all similar or weaker bonds that characterize all other TClg. 

We applied this technique to both outdoor and indoor environments and found reasonable 

comparisons in ambient background mixing ratios with the sum of expected HCl from known Cl 

species. We measured the converted TClg in an indoor environment during bleaching events and 

observed varying increases of 5–18 ppbv of TClg. The method validated here is capable of 

measuring in-situ TClg and has a broad range of applications to make routine TClg measurements 

in a variety of regions. 
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5.1 Introduction 

Chlorine (Cl) containing compounds in the atmosphere can impact air quality, climate, and 

health.1–4 Gaseous chlorinated compounds are either organic (e.g., chloroform, dichloromethane, 

and methyl chloride) or inorganic (e.g., Cl2, hydrogen chloride (HCl), and nitryl chloride (ClNO2)), 

with the latter being more reactive under most atmospheric conditions. Impacts on air quality and 

climate are due to the high reactivity of atomic Cl produced by common atmospheric reactions 

(e.g., photolysis and oxidation) of Cl containing compounds.5–7 The Cl cycle can affect air 

pollutants and climate forcing agents, such as methane, ozone, and particles (formation and 

composition), which will influence climate through direct and indirect radiative effects7 and are 

important in both the stratosphere and the troposphere.6,8,9 High levels of some total gaseous 

chlorine (TClg) species (e.g., Cl2) are known to be toxic.4 The implications of all TClg species on 

human health are not well understood for low level exposure for extended periods of time. Some 

potential impacts include the chlorination of squalene, a major part of human skin oils, by 

hypochlorous acid (HOCl);10 respiratory irritation and airway obstruction by Cl2;
4 and increased 

incidence of asthma and other chronic respiratory issues following exposure to chloramines.3 

Sources of Cl to the atmosphere are highly variable and depend on both direct emissions and 

indirect regional Cl activation chemistry.11–13 Cl activation occurs when atmospheric processes 

transform relatively unreactive chloride (Cl⁻) into reactive gaseous chlorine (Cly) and will 

contribute to TClg. In this work, TClg represents all gas-phase chlorine-containing species, 

including both inorganic and organic species. 

Understanding global levels of TClg is difficult due to changes in emissions and chemistry, 

and our best estimate comes from modelling studies combined with collaborative efforts to 

compose routine reports on halogenated substances, such as the World Meteorological 
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Organization scientific assessment of stratospheric ozone depletion.14 Mixing ratio estimates of 

halogenated species from this report are from individual measurements from different groups (e.g., 

National Oceanic and Atmospheric Administration (NOAA) and Advanced Global Atmospheric 

Gases Experiment (AGAGE)). These measurements combine flask (captured gas from clean air 

sectors) and in-situ measurements typically by gas chromatography from most recent field 

campaigns and routine sampling sites (e.g., CONvective Transport of Active Species in the Tropics 

(CONTRAST)).15–19 From the 2018 report there was an observed rate of -12.7 ± 0.9 pptv Cl yr-1 

in total tropospheric chlorine yields from Montreal Protocol-controlled substances (e.g., 

chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)).14 The decrease in 

controlled Cl emissions has been slightly offset by an increase in observed natural halogenated 

very short-lived substances (VSLS) that are not controlled by the Montreal Protocol. Increases in 

dichloromethane accounts for the majority of the 20 pptv rise in total chlorine from VSLSs.14 Total 

chlorine from all HCFCs has continued to increase in the atmosphere since 2016 ozone assessment 

and reached 309 ppt.14 A recent study by Zhai et. al., (2021), estimated an increase of up to 170% 

of Cly since preindustrial 1970s can be attributed to anthropogenic sources.20 Unexpected and new 

sources of TClg that affect the Cl budget have been discovered in the recent past indicating our 

understanding of the Cl budget is incomplete. For example, unexpected increases in CFC-11 

emissions suggests new production not reported to United Nations Environment.14 A new source 

of chloroform was also recently identified and attributed to halide containing organic matter 

derived from penguin excrement in the Antarctic tundra.21 

 Understanding TClg source and sink chemistry is not only important for the ambient 

atmosphere but indoor environments as well. Uncertainty in sources and levels of chemicals, 

including TClg, indoors is related to a large number of potential sources, heterogeneity in 
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individual indoor environments, and the relatively few studies that have focused on indoor 

chemistry relative to outdoor. The role of TClg on indoor air quality has been investigated in a few 

studies.22–28 The most common active form of TClg indoors is HOCl, which has a broad range of 

applications, such as an antimicrobial agent in water systems or as the active ingredient in 

household and commercial cleaning agents. Some studies have reported the presence of VSLSs 

such as chloroform and carbon tetrachloride above bleach cleaning solutions indoors,29,30 and 

chloroform has been observed during water-based cleaning activities, such as showering and 

clothing washing.25,26,28 

Constraining the Cl budget is critical to better understanding its contributions to climate, 

air quality, and human health. Robust total Cl measurements are desirable because individual 

measurements are not feasible due to the large number of species (Table 5-1). Currently, TClg has 

been assessed using complex models and combined estimates from known species,2,14,16,20,38,39 and 

it is a combination of both these modelled and measured measurements that help to elucidate 

unknowns that can not be captured solely by models. It is therefore essential to have a method 

capable of measuring true TClg to explain discrepancies between model and measured estimates 

due to unknown species. Measurements of total elemental composition, including total Cl, have 

been used for monitoring and managing both known and unknown compounds in the condensed 

phase.31–37 TClg methods have been limited to offline analysis of scrubbed sample gas (e.g., flue); 

these methods rely on multiple extraction steps and the combustion (800–900 °C) of halogenated 

compounds that are extracted into aqueous solutions and detected by either ion chromatography 

or microcoulometric titration.32,40 Other methods to measure extractable organic halogens involve 

neutron activation analysis.35,36,41 The aforementioned methods all suffer from inherent 

uncertainties from extraction methods. Because offline techniques do not have the temporal 
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resolution to effectively probe fast source and sink chemistry in the atmosphere, in-situ 

measurements of total elemental gaseous composition have been developed.42–45 Total nitrogen 

has been measured using Pt-catalyzed combustion coupled to online chemiluminescence technique 

(see Figures C-1 and C-2).46 Using a similar approach, we describe here a method that converts 

TClg into HCl that is amenable to measurement by a high time-resolution cavity ring-down 

spectrometer (CRDS). This technique relies on the complete combustion of TClg, which yields 

chlorine atoms. These Cl atoms readily form HCl via hydrogen abstraction (R5.1.1), in this case 

from propane which is supplied in excess.  

Cl (g) + C3H8 (g) → HCl (g) + C3H7 (g) R5.1.1 

The objectives of this paper are to: (i) Develop and validate an instrument capable of in 

situ measurement of TClg through conversion to HCl and detection by CRDS; and (ii) Demonstrate 

its applications to outdoor and indoor air TClg measurements. 
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Table 5-1. Summary of observed mixing ratios, bond dissociation energies, and atmospheric 

lifetimes for most chlorinated species expected to be present in appreciable amounts in the 

troposphere. 

Chemical 

formula 

Observed mixing 

ratio (pptv) Atmospheric 

lifetime 

(years) 

Cl-

containing 

bond 

dissociation 

energy (kJ 

mol-1) 

Expected TClg (pptv)* 

Outdoor Indoor Outdoor Indoor** 

 Chlorofluorocarbons (CFCs) 

CCl3F 

(CFC-11) 
228.9a - 52a 305b 686.8 686.8 

CCl2F2 

(CFC-12) 
514.6a - 102a 344c 1029.3 1029.3 

CClF3 

(CFC-13) 
3.04a - 640a 364c 3.04 3.04 

CCl2FCCl2F 

(CFC-112) 
0.42a - 63.6a - 1.68 1.68 

CCl3CClF2 

(CFC-112a) 
0.067a - 52a 351c 0.27 0.27 

CCl2FCClF2 

(CFC-113) 
71.3a - 93a - 214 214 

CCl3CF3 

(CFC-113a) 
0.66a - 55a 309c 1.98 1.98 

CClF2CClF2 

(CFC-114) 
15.45a - 189a 365c 30.9 30.9 

CCl2FCF3 

(CFC-114a) 
1.04a - 105a - 2.08 2.08 

CClF2CF3 

(CFC-115) 
8.58a - 540a 365c 8.58 8.58 

 Hydrochlorofluorocarbons (HCFCs) 

CHClF2 

(HCFC-22) 
239.1a - 11.9a 360c 239.1 239.1 

CH2ClCF3 

(HCFC-133a) 
0.39a - 4.6a 360c 0.39 0.39 

CH3CCl2F 

(HCFC-141b) 
24.53a - 9.4a 388c 49.1 49.1 

CH3CClF2 

(HCFC-142b) 
22.6a - 18a 410c 22.6 22.6 

 Halons 

CBrClF2 

(Halon-1211) 
3.6a - 16a - 3.6 3.6 

 Chlorocarbons 

CH3Cl 555.9a - 0.9a 339b 555.9 555.9 



140 

 

(Methyl 

chloride) 

CCl4 

(Carbon 

tetrachloride) 

81a - 26a 293b 324 324 

CH3CCl3 

(Methyl 

chloroform) 

2.7a - 5a 368c 8.26 8.26 

CH2Cl2 

(Dichloro-

methane) 

35.95a - 180 daysa 310b 71.9 71.9 

CHCl3 

(Chloroform) 
8.9a - 183 daysa 311c 26.7 26.7 

CH2ClCH2Cl 

(1,2-

Dichloroethane) 

12.8a - 82 daysa - 25.6 25.6 

C2Cl4 

(Tetrachloro-

ethylene) 

1.1a - 110 daysa 350c 4.54 4.54 

 Inorganic chlorine 

HCl 0–8000d 0–700n 1–2 days 

[15 days]j 
432b 0–8000d 0–700 

Cl2 0–20e 
0–100 

ppbvi 
<1 ming 242b 0–20e 

0–200 

ppbv 

HOCl 0–60e 
0–300 

ppbvi 
<1 ming 251b 0–60e 

0–300 

ppbv 

ClO 0–10f - - 272b 0–10f - 

ClNO 0–3d - 5–45 mink 159b 0–3d - 

ClNO2 0–8000d 
0–20 

ppbvi 0.73–31 hrsl 142b 0–8000d 0–20 ppbv 

ClONO2 0–10g - - 109h 0–10g - 

 Chloramines 

NH2Cl - 0–60i - 251b - 0–60 ppbv 

NHCl2 - 
0–20 

ppbvi 
9.1 minm 280b - 0–40 ppbv 

NCl3 - 
0–4 

pbbvi 
5.3 minm 381b - 0–12 ppbv 

 Expected TClg 
3.3–19 

ppbv** 

3.3–640 

ppbv*** 
(a) Tropospheric mixing ratios from 2018 world meteorological organization scientific ozone depletion assessment.14 

(b) Bond dissociation energies, data from Huheey and Cottrell, 1958.47 (c) Bond dissociation energies, data from Shi 

et al., 2011.48 Tropospheric mixing ratios for inorganic chlorines are highly variable given local conditions, a 

conservative range is given. (d) Data from Raff et al., 2009.12 (e) Data from Lawler et al., 2011.49 (f) Data from Platt 

and Janssen, 1995.50 (g) Data estimated from Wang et al., 2019.38 (h) Data taken from Casper et al., 1993.51 (i) Data 

taken from Mattila et al., 2020, during an indoor air study; emissions after bleaching events represent a worst case 

scenario.22 (j) Lifetime with respect to deposition and lifetime with respect to OH in brackets, Data taken from Crisp 

et al., 2014.52 (k) Data taken from Keene et al., 1990.53 (l) lifetime ranges with solar zenith angle, data taken from 
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Ganske et al., 1992.54 (m) Lifetimes calculated from first order photolysis decay rates in a well lit room, data taken 

from Wong et al., 2017.55 (n) This study during bleaching event (see Section 5.3.4.).(*) Expected TClg mixing ratio 

represents the total number of Cl atom yielded from complete conversion. (**) Indoor levels of CFCs, HCFCs, and 

chlorocarbons are assumed to be the same as outdoor (***) Upper estimates are highly depended on local conditions 

and direct emissions. 

5.2 Materials and experimental methods 

5.2.1 Chemicals 

Commercially available reagents were purchased from Sigma-Aldrich: Dichloromethane 

(DCM, HPLC grade, Oakville, Ontario, Canada), cis-1,3-dichloropropene (DCP, 97%, 

Milwaukee, Wisconsin, USA), 1-chlorobutane (CB, 99.5%, Milwaukee, Wisconsin, USA), and 52 

mesh sized platinum catalyst (99.9 %, Milwaukee, Wisconsin, USA). Nitrogen (grade 4.8) and 

propane (C3H8, 12.7% in nitrogen, v/v) gas was from Praxair (Toronto, Ontario, Canada). 

Experiments used deionized water generated by a Barnstead Infinity Ultrapure Water System 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA; 18.2 MΩ cm−1). All clean air was 

generated by a custom lab made zero-air generator (see Figure C-3). 

5.2.2 HCl and total chlorine (HCl-TCl) instrument 

The main components of the HCl-TCl (Figure 5-1) are platinum catalyst mesh, quartz glass 

flow tube, and a split-tube furnace (Protégé Compact, 1100°C max temperature, Thermcraft 

incorporated, North Carolina, USA). A crucial component for conversion is the platinum catalyst, 

which was ~2 grams platinum mesh and a total combined surface area of 134 cm2. Sample gas was 

mixed with critical orifice-regulated propane gas (62 ± 6.2 sccm), provided in excess prior to 

introduction to HCl-TCl to promote (R5.1.1). Added uncombusted propane can cause spectral 

interferences at temperatures < 650 °C (see Figure C4), and is recommended here to only add when 

temperatures exceed 650 °C. The mixing line carrying clean air dilution flows was controlled by 

a 10 L min-1 mass flow controller (MFC, GM50A, MKS instruments, Andover, Massachusetts, 

USA). Length of the sample gas tubing to the HCl-TCl was 0.6 m, and the transfer line out of the 
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HCl-TCl to CRDS was 0.2 m. The coupled CRDS (Picarro G2108 Hydrogen Chloride Gas 

Analyzer) can capture transient fast HCl formation processes (as discussed in Chapters 3 and 4). 

The CRDS collects data at 0.5 Hz, which was averaged to 30 sec for the purposes of this work. 

The limit of detection (LOD) for this instrument 30 sec is 18 pptv and well below expected HCl 

from TClg conversion. 

 

Figure 5-1. Sampling schematic showing the key components of the HCl-TCl coupled to CRDS 

analyzer. Not to scale. 

5.2.3 Preparation of permeation devices (PDs) 

The in-house assembly of permeation devices (PDs) is as follows; approximately 200 µL of 

each organo chlorine liquid was pipetted into a 50 mm perfluoroalkoxy (PFA) tube (3 mm i.d. with 

1 mm thickness), thermally sealed at one and plugged at the other end with porous 

polytetrafluoroethylene (PTFE) (13 mm length by 3.17 mm o.d.). The polymers allow a consistent 
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mass of standard gas to permeate at a given temperature and pressure. An aluminum block that 

was temperature-controlled (OmegaTM; CN 7823, Saint-Eustache, QC, Canada) using a cartridge 

heater (OmegaTM; CIR-2081/120V, Saint-Eustache, QC, Canada) housed the PD and was regulated 

to 30.0 ± 0.1 °C. Dry N2 gas flowed through a PFA housing tube (1.27 cm o.d.) in the block, 

containing the PD. Stable flows of 120 ± 12, 99 ± 9.9, and 120 ± 12 standard cubic centimeters 

per minute (sccm) for DCM, CB, and DCP, respectively, carrier gases passed through the housing 

tube in the oven were maintained using a 50 µm diameter critical orifice (Lenox laser, Glen Arm, 

Maryland, USA, 30 psi; SS-4-VCR-2-50). Flows were measured using a DryCal Definer 220 

(Mesa Labs, Lakewood, Colorado, USA). The mass emission rate of each organochlorine from the 

PDs was quantified gravimetrically over a period approximately 4 weeks. Mass emission rates for 

each PD were determined as 640 ± 13, 240 ± 36, and 1.20×104 ± 0.02×104 ng min-1 (n=3, ± 1σ) 

at 30 °C for DCM, CB, and DCP, respectively. 

5.2.4 HCl-TCl optimization 

Gas phase standards were used to test the conversion efficiency of chlorinated compounds 

to form HCl. The standards were generated using PDs containing DCM, CB, and DCP. Bond 

dissociation energies for carbon-chlorine bonds typically range between 310 and 410 kJ mol-1 

(Tables 5-1 and C-1). Determining the temperature at which we could provide enough energy to 

break these bonds was an important step. The split-tube furnace has a process controller capable 

of increasing or decreasing at a set °C min-1. By introducing a consistent amount of each of the 

organochlorines, separately, to the HCl-TCl set over a simple temperature ramping program we 

can monitor in real-time when the bonds start to break by measuring the formation of the resulting 

HCl. The breakthrough temperature is determined when the measured HCl begins to plateau at 

100% conversion. All inlet lines and fittings were made of PFA unless stated otherwise. 
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To optimize residence time in the hot-tube with the Pt catalyst, flows containing DCM 

sample gas in clean air ranged from 0.6–5.5 L min-1, yielding a range of residence times of 0.5–

4.5 sec in the HCl-TCl. Temperature remained a constant 825 °C throughout the experiment and 

dilution flow after exiting the HCl-TCl remained a constant 4.0 L min-1.  

We tested the HCl-TCl conversion for 5 different mixing ratios of all three PDs standards, 

DCM, CB, and DCP, under three conditions: (1) both Pt catalyst and added propane, (2) only Pt 

catalyst, and (3) only added propane. Each gas was tested individually under the same conditions; 

sample gas from PDs was mixed with propane and immediately diluted into clean air using a 10 L 

min-1 MFC (GM50A, MKS instruments, Andover, Massachusetts, USA). The dilution flows 

ranged from 2.2–9.0 L min-1. The sampling lines were the same lengths as stated previously. In 

this experiment the CRDS flowrate of 2 L min-1 was sufficient to give an optimal residence time 

of 1.5 sec through the HCl-TCl (see Section 5.3.1). In all experiments the CRDS subsampled 

through the HCl-TCl off the main transfer line and the excess sampling gas was directed outdoors 

through a carbon trap waste line.  

5.2.5 Outdoor air HCl-TCl measurement 

Outdoor air sampling was performed from November 17–19, 2021 (Eastern daylight time, 

EDT). The sampling site was the air quality research station, located on the roof of the Petrie 

Science and Engineering building at York University in Toronto, Ontario, Canada (43.7738° N, 

79.5071° W, 220 m above sea level). The HCl-TCl was co-located with a Campbell scientific 

weather station paired with a cr300 datalogger, for meteorological data. All indoor inlet lines and 

fittings were kept at room temperature while the outdoor temperature ranged from 16 to 24 °C. All 

inlet lines and fittings were made of PFA unless stated otherwise. All indoor inlet lines and fittings 

were kept in a thermostated room that fluctuated from 20–25 °C. A mass flow controller (GM50A, 
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MKS instruments, Andover, Massachusetts, USA) regulated a sampling flow of 14.7 L min-1 using 

a diaphragm pump through a 2.4 m sampling inlet (I.D. of 0.375”) from the ambient outdoor 

environment. The outdoor air was pulled through a URG Teflon Coated Aluminum Cyclone (URG 

Corporation, Chapel Hill, North Carolina, USA) with a 2.5 µm cut-off for particulate matter. The 

CRDS sampled 2 L min-1 through the HCl-TCl and the from the main inlet line, yielding a total 

inlet flow of 16.7 L min-1. The CRDS sample flow passed through a polytetrafluoroethylene 

(PTFE) filter (2 µm pore size, 47 mm diameter, TISCH scientific, North Bend, Ohio, USA) and 

then two high efficiency particulate air (HEPA) filters contained within the CRDS outer cavity 

metal compartment heat-regulated to 45 °C. Instances of flagged instrument errors in the CRDS 

data during ambient observations were removed as standard practice in quality control procedures. 

5.2.6 Indoor air HCl-TCl bleach measurement 

Commercial cleaning products containing sodium hypochlorite are known to emit reactive 

chlorine species indoors, HOCl and Cl2.
55 To test indoor applications of the HCl-TCl, four separate 

2 m x 2 m areas of the laboratory floor were cleaned with a common household bleach. The bleach 

solution was mixed as per manufacturers instruction (100 times dilution of a 6 % w/v sodium 

hypochlorite solution) and ~400 mL was applied using a mop to the designated area for 1 minute. 

The distance from the suspended 2 m transfer line to the floor was ~1 m. The flowrate through the 

HCl-TCl and inlet was the 2 L min-1 CRDS flowrate. Each sectioned area was bleached, for a total 

of 4 separate bleaching events separated in time by ~1 hour. Three of these events were measured 

using the HCl-TCl, while one event was measured without (measuring HCl only).  

5.3 Results and Discussion 

5.3.1 HCl-TCl temperature and residence time optimization 

We present a critical approach to validate this method by testing conversion efficiency of 

organochlorines under different operating parameters and conditions. Testing all TClg species is 
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not feasible, but by testing compounds that contain strong Cl-containing bonds, we can assume at 

least equal efficacy of the system in the breakage of weaker Cl-containing bonds. We selected very 

strong Cl–C bonds (primary alkyl chlorides) and use them as a proxy for compounds containing 

weaker Cl bonds; therefore, by demonstrating their complete conversion we set good precedent 

for conversion of all TClg. The temperature of the furnace is a key factor in accomplishing 

complete combustion, and the minimum temperature to break these C-Cl bonds was determined. 

A simple temperature ramping program was used to determine the breakthrough temperature as 

follows; The temperature was increased at a rate of 2.7 °C min-1 starting at 300 °C and ending at 

800 °C and required 3 hours to complete. The temperature breakthrough was found to be ~800 °C 

for the tested organochlorines (Figure C-5). 

Determining the optimal residence time of sample gas in the HCl-TCl was the first test in 

achieving an optimized method for TClg conversion. Using a temperature slightly above the 

observed breakthrough of 800 °C determined above (825 °C, see Figure C-6), six residence times 

were tested, ranging from 0.5 to 4.5 seconds in the HCl-TCl (Figure 5-2). At each residence time 

the conversion efficiency was determined, where conversion efficiency is calculated as follows; 

Conversion efficiency =
Measured TClg

Expected TClg
× 100 %   E1 

The optimal residence time was at ~1.5 seconds, corresponding to a conversion efficiency of 100.1 

± 0.1 %. When residence times were lower (i.e., sample gas travels quicker through the system) 

than 1.5 seconds the conversion efficiencies were lower by 2 – 10%, the measured HCl signal was 

more erratic, and it took longer to stabilize. When residence times were higher (i.e., sample gas 

travels slower through the system) than 1.5 seconds the conversion efficiencies were comparable 
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(±2 %), but the measured HCl suffered from longer equilibration times due to increased surface 

effects. A residence time of 1.5 seconds was selected for all HCl-TCl experiments. 

 

Figure 5-2. Conversion efficiency of DCM plotted against the residence time in the HCl-TCl. 

Error bars represent the percent relative standard deviation of the measured HCl by the CRDS over 

~30 minutes, after signal has plateaued. Grey vertical line denotes selected residence time. 

 

5.3.2 HCl-TCl Conversion efficiency 

The conversion of each of the three chosen organochlorines using the HCl-TCl was tested at 

5 different mixing ratios. The mixing ratios tested for DCM were 41, 54, 80, 111, and 165 ppbv. 

The mixing ratios tested for CB were 3.5, 4.6, 6.8, 9.5, and 14 ppbv. The mixing ratios tested for 

DCP were 121, 259, 468, 651, and 967 ppbv. All three showed good linearity and near 1:1 

correlation with the HCl expected to be formed from the PD under standard operating conditions 

(solid circles in Figure 5-3). Due to differences in PD emission rates, the values are normalized to 

the highest mixing ratio to more easily visualize comparisons. Under condition (1) with both Pt 

and propane the orthogonal distance regression slope (±σ) was 0.996 ± 0.012, 1.048 ± 0.006, and 
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1.027 ± 0.061 for DCM, CB, and DCP, respectively. This corresponds to near-100% conversion 

efficiency for all three compounds (Table 5-2). With only the Pt catalyst (condition (2)), the HCl-

TCl conversion was 80.7 ± 0.4, 54.1 ± 1.6, 54.3 ± 3.5% for DCM, CB, and DCP, respectively. The 

added hydrogen source (propane) is needed to promote R5.1.1. The hydrogen dependence for near 

unity conversion could be crucial in applications to ambient air measurements where total Cl levels 

are expected to be equal to (or exceed if measuring direct emission sources) the mixing ratios 

tested here. When the Pt catalyst was removed (condition (3)) the HCl-TCl conversion was 94.4 ± 

4.6, 44.2 ± 0.9, 41.7 ± 3.4% for DCM, CB, and DCP, respectively. The observed dependence of 

the Pt catalyst indicates that a reactive surface in important to aid complete combustion. The better 

conversion for DCM in the absence of the Pt catalyst or hydrogen source may be attributed to its 

lower BDE (310 kJ mol-1) compared to estimated BDEs for CB and DCP (CB inferred from Table 

C-1 (~410 kJ mol-1), and DCP from Tetrachloroethylene (350 kJ mol-1 in Table 5-1)). The good 

linearity for all three compounds shows that the HCl-TCl is capable of complete conversion of 

mono and polychlorinated species on sp3 and sp2 carbons. The complete combustion of the strong 

C-Cl bond on the primary alkyl chloride (CB) demonstrates the efficacy of the HCl-TCl. Breaking 

these relatively strong C-Cl bonds is a good proof of concept for complete conversion of all similar 

or weaker bonds that characterize all other TClg. 

The comparison presented here is a worst-case scenario because the sampled mixing ratios 

(as high as almost 1 ppmv for DCP) were greater than expected for ambient monitoring and 

therefore required more time to equilibrate to reach a stable signal. Although, the good linearity 

for these high mixing ratios shows precedent that it is capable of capture events as high as 1 ppmv 

of HCl for a litany of experimental applications that is further explored in Section 5.3.4. To 

practically validate the HCl-TCl under real-world conditions and atmospherically relevant mixing 
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ratios we deployed and configured the system to measure ambient air, discussed further in Section 

5.3.3. 

 

Figure 5-3. HCl measured by CRDS plotted against the expected HCl from HCl-TCl converted 

DCM (red), 1 Chlorobutane (blue), and 1, 3 Dichloropropene (green) under three conditions. All 

values are normalized to the highest expected HCl concentration to better illustrate deviations from 

unity (dashed black line). HCl-TCl conversion is shown for both Pt and propane added (condition 

(1), solid circles), with only Pt (condition (2), hollow squares), and only propane (condition (3), 

hollow triangles). Error bars on the y-axis represents 1σ in the HCl signal for 10 minutes. Error 

bars on the x-axis represent the error in the PD used to generate DCM.  
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Table 5-2. Conversion efficiency for tested organochlorine compounds under the three conditions. 

Conversion efficiency was determined from the orthogonal distance regression slope and ± σ and 

propagated error from individual PDs. 

Compound 
BDE 

(kJ mol-1) 

Conversion efficiency (%) 

Condition 1 Condition 2 Condition 3 

DCM 310  99.6 ± 3.2  80.7 ± 2.4 94.4 ± 6.6 

CB 410 104.8 ± 5.6 54.1 ± 6.6 44.2 ± 5.9 

DCP 350 102.7 ± 7.8 54.3 ± 5.2 41.7 ± 5.1 

 

5.3.3 HCl-TCl applications to outdoor air 

We deployed and configured the system to measure ambient air, which we compare to the 

expected TClg range from complete combustion of total Cl (Table 5-1). The apparatus subsampled 

off a main inlet pulling ambient air and combusting trace gases on a reactive catalyst from 

November 17–19, 2021 (Figure 5-4). The apparatus had zero air overflow the inlet 1 hour prior to 

and after outdoor sampling. Reported HCl mean mixing ratios from Chapter 3 and Angelucci et 

al., (2021), for this sampling location are 106 and 67 pptv, respectively, and ranged from 10 – 600 

and <4 – 541 pptv, respectively.56 The maximum, minimum, and mean of observed TClg was 3.5 

ppbv, 2.0, and 2.5 ppbv, respectively. The mean TClg is higher than the observed HCl levels at this 

location and but below the range (3.3–19 ppbv, Table 5-1) of expected mixing ratios of TClg. The 

high observed relative humidity (RH) likely led to greater wet deposition of TClg species and lower 

observed levels. There was no observed impact on observed TClg dues to changes in wind direction 

or wind speed and likely indicates a well mixed boundary layer.  Data compiled in Table 5-1 is not 

a complete representation of the total chlorine in the troposphere and represents measurements 

from many different regions, making it difficult to compare absolute magnitudes. The high 

variability (2.0–3.5) of measured TClg in this urban environment shows that direct sources or 

indirect formation is changing the observed abundance by an appreciable amount over the few-
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hour sampling period. Demonstrating reasonable conversion of ambient TClg sets good precedent 

for applications of this method to future field campaigns and to different ambient environments, 

such as indoors. The detection of elevated Cltot during indoors activities that used chlorine 

containing cleaning product is an application explored here. 

 

Figure 5-4. Monitoring TClg in outdoor air through HCl-TCl. 

5.3.4 HCl-TCl applications to indoor cleaning events 

We performed four bleaching events in a well-lit indoor room and measured TClg using the 

HCl-TCl (Figure 5-5). The first cleaning event was done without the HCl-TCl and has a local 

maximum of 656 pptv HCl (black). These levels are comparable to peak HCl levels of ~500 pptv 

observed from surface application of bleach in an occupied home.24 Observed mixing ratios during 

bleaching events monitored by the HCl-TCl are much higher than that seen with just the CRDS, 
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indicating the presence of reactive Cl compounds. The maximum values of TClg from HCl-TCl 

operated cleaning event 1 (purple), 2 (blue), and 3 (red), were 18.3, 12.1, and 6.62 ppbv, 

respectively (Figure 5-5). These levels are much higher than observed in outdoor air (Section 5.3.3) 

and are within the range of expected TClg from Table 5-1. Reactive chlorine species that have 

previously been observed to be emitted from surface bleaching are Cl2, HOCl, ClNO2, NH2Cl, 

NHCl2, and NCl3,
22,55 all of which have been observed by chemical ionization mass spectrometry. 

The levels of reactive chlorine observed during bleaching events is highly variable but can be 

>100s of ppbv,22,23,29,57 by comparison our highest levels are around 20 ppbv. Because the 

multiphase chemical processes involved in bleach application are complex and poorly understood 

(e.g., surface or aerosol acidity22), it is difficult to compare levels between experiments and studies. 

For example, studies have observed that gaseous NH3 partitioning into aqueous bleach can produce 

large and variable amounts of chloramines, NH2Cl, NHCl2, and NCl3.
22,23 One possible 

explanation for the decreasing trend of TClg after each bleaching experiment is a NH3 limitation 

in producing these chloramines. Not enough is known about the complex multiphase chemical 

pathways that influence indoor air quality, and more measurements should be made to properly 

assess the impacts of human activity-based emissions. 
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Figure 5-5. HCl-TCl bleaching experiment background corrected to levels prior to bleaching 

event. Bleaching events monitored by CRDS (black) and HCl-TCl (purple, blue, red). 

5.4 Conclusions 

In this work we developed, optimized, validated, and applied a method capable of converting 

TClg into gaseous HCl amenable to CRDS detection. Our TClg converting instrument, the HCl-

TCl, was primarily composed of a platinum catalyst mesh inside a quartz glass flow tube all 

contained in a split-tube furnace. To test the conversion of TClg, we generated low-level gas-phase 

standards of three organochlorines, which had among the strongest Cl-containing bonds. We 

determined the breakthrough temperature for DCM to be 800 °C and used 825 °C to provide 

additional energy for conversion. The optimal residence time in the quartz flow-tube was also 

explored using DCM and it was determined that the optimal residence time was 1.5 seconds in the 

flow-tube, which corresponded to a flowrate of ~ 2 L min-1. Once the optimal temperature and 

optimal flow rate through the quartz flow-tube was determined we could completely convert the 

three organochlorines, each chosen for their relatively strong C-Cl bond strength. The complete 

conversion of these TClg was demonstrated, as well as the necessity of both the Pt catalyst and 

hydrogen source. We applied the HCl-TCl conversion under different conditions for two different 
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environments. First, we monitored the conversion of outdoor air for ~2 days and observed a range 

of 2.0–3.5 ppbv. The observed outdoor mixing ratio is comparable to the expected HCl from 

known TClg species (3.3–19 ppbv, Table 5-1). Secondly, we measured TClg in an indoor 

environment during bleaching events and observed varying increases (5–18 ppbv) during each 

event. We have shown that the HCl-TCl can be applied to a variety of different experiments and 

environments. The utility of this novel TClg measurement technique will be crucial to future 

estimates and assessments of chlorinated compounds and their impact on air quality, climate, and 

health. 
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6.1 Conclusions 

The work that comprises this thesis was a comprehensive analytical approach to measuring 

reactive chlorine (Cly) species and elucidating tropospheric Cly mechanisms. To accomplish this 

the three main objectives were met by: (1) Validating a new spectroscopic instrument for HCl; (2) 

Applying validated HCl measurements to elucidate chlorine chemistry trends in an urban marine 

boundary layer; and (3) Developing and applying novel instrumentation to measure total Cly. To 

meet these objectives, we first described in detail in Chapter 2 how to generate low-emitting gas-

phase standards by constructing custom permeation devices (PDs). We show two calibration 

techniques to determine PD emission rates; gravimetric and offline collection followed by ion 

chromatography with conductive detection (IC-CD) analysis. Both methods have their advantages, 

and the choice of method will depend on analyte properties and method availability. We illustrated 

the temperature dependence and the importance of maintaining a constant temperature due to the 

Arrhenius behavior of the PD emission rates. The stability of a PDs was monitored using a cavity 

ring-down spectrometer (CRDS) and the fluctuation/precision and were ±0.2% at best. We 

recognize that the stability is a combination of the true error of the emission rate and the uncertainty 

of the method we used to determine it. 

Chapter 3 combined multiple approaches to validate a new commercial CRDS HCl analyzer 

for ambient measurements of HCl. We compared the method performance characteristics (e.g., 

limit of detection (LOD)) to other reported instrumentation and observed the CRDS performed 

similar to or better than the most sensitive HCl techniques. The most significant limitation to in-

situ techniques is adsorption/desorption loss and release on inlet surfaces. Our results showed that 

these deposition effects increase with increasing relative humidity and decreasing HCl mixing 

ratios. Several chemical and physical options to circumvent or lessen surface effects were 
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discussed and are important factors to incorporate for faster response times in any methods that 

measures surface active gases (e.g., HCl, ammonia, and nitric acid (HNO3)). The recommended 

simplest approach was to increase the flowrate of the sampling inlet while maintaining laminar 

flow. Spectra capturing errors in the measurement of HCl for the CRDS can occur at high levels 

of volatile organic compounds (VOCs, e.g., near emission point sources or biomass burning 

plumes) or instrument instabilities (e.g., pressure fluctuations), however potential instrument 

errors are minimal under most operating and atmospheric conditions. To validate our CRDS 

method, we presented comparisons with two established methods for measuring strong acids and 

our observations agreed within the combined uncertainties.  

To further demonstrate the environmental applicability of the now validated CRDS, we 

measured HCl during the Halifax Fog and Air Quality Study (HaliFAQS) and reported the results 

in Chapter 4. Using the measured HCl and supporting measurements, we explained some of the 

major sources of HCl. We used continuous, high time-resolution measurements of HCl in an urban 

marine boundary layer (MBL) during the HaliFAQS field campaign and compared with previous 

measurements in the MBL. Two peaks of HCl were common in days with higher the average 

irradiance, indicating the presence of two photochemical mechanisms. The first peak was likely 

from the photolysis of Cl precursor compounds (e.g., nitryl chloride (ClNO2)) followed hydrogen 

abstraction of methane or volatile organic compounds (VOCs). The second peak of HCl was likely 

from the midday photochemical formation of HNO3 followed by acid displacement onto Cl⁻ 

containing sea spray aerosols. Trends observed in the diurnal HCl were used to develop an 

irradiance-dependent box model to estimate initial Cl precursor compound, ClNO2, mixing ratios. 

Using the rate of measured HCl we determined the contribution of ClNO2 to observed morning 

HCl rates for 8 days. Modelled HCl from the photolysis of the determined initial ClNO2 showed 
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good agreement for high irradiance days. We accounted for the continual loss of HCl by deposition 

by generating two sets of data for low (1 cm s-1) and high (6 cm s-1) deposition velocities and 

display the estimated ClNO2 data as a conservative range. On the most active day for Cl chemistry 

(June 18), it was observed that P(Cl)ClNO2 was 13% as large as P(HOx)O3 when considering the full 

day, and 37% in the morning. It is important to include Cl contributions in total radical production 

studies in the marine boundary layer to further understand the differences between full day and 

morning time tropospheric chemistry. 

In the third and final main objective we developed a novel total gaseous Cl (TClg) method, 

which was described in Chapter 5. This was achieved using a high-temperature platinum (Pt) 

catalyzed flow tube capable of combusting chlorine species and transforming them into HCl that 

is amenable to measurement by the CRDS. This work was presented in two steps; (i) Develop and 

validate an instrument capable of in-situ measurement of TClg through conversion to HCl and 

detection by CRDS; and (ii) Demonstrate its applications to outdoor and indoor air TClg 

measurements. Briefly, the HCl-TCl was composed of a platinum catalyst inside a quartz glass 

flow tube in a split-tube furnace that was provided with excess propane. After developing the 

instrument, we had to first determine the temperature breakthrough of strong C-Cl containing bond 

from a dichloromethane (DCM) PD standard. We determined this breakthrough by ramping the 

temperature and monitoring the formation of the resulting HCl. The determined temperature was 

800 °C and we used 825 °C in the following experiments to provide a surplus of energy. The 

optimal residence time in the quartz flow-tube was explored by monitoring DCM conversion and 

found that the optimal residence time was 1.5 seconds in the flow-tube, which corresponded to a 

flowrate through the tube of ~ 2 L min-1. Once the optimal temperature and flow-rate was 

determined we could validate the method by showing the complete conversion of three 
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organochlorines (DCM, 1-chlorobutane, and 1,3-dichloropropene), each chosen for their relatively 

strong C-Cl bond strength. The complete conversion of these TClg species were demonstrated, and 

a dependence of the Pt catalyst and propane hydrogen source was observed. We applied the HCl-

TCl method under different conditions for two contrasting environments. We first monitored the 

conversion of outdoor ambient air for ~2.5 hours and observed a range of 3.5–6 ppbv. The 

observed outdoor mixing ratio is comparable to the expected HCl from known TClg species (Table 

5.1). Secondly, we measured the headspace in an indoor environment during bleaching events, we 

observed varying increases during these events which corresponded to range of 5–18 ppbv of TClg. 

The CRDS and HCl-TCl can be applied to a variety of different experiments and environments. 

The utility of this novel TClg measurement technique will be crucial to future estimates and 

assessments of chlorinated compounds and their impact on air quality, climate, and health. 

6.2 Future Directions 

One of the greatest advantages of the CRDS HCl analyzer that could not be achieved with 

the methods to which we compared was the ability to capture transient events that are important 

to constraining atmospheric chlorine chemistry (e.g., photolysis of precursors, thermodynamic 

partitioning, and direct emissions). We have demonstrated in Chapters 3 and 4 the utility of the 

CRDS for environmental applications in future field campaigns and experiments that require high 

time-resolved HCl measurements (e.g., mobile and aircraft measurements). This ability to make 

high time-resolved measurements will be important for constraining fast formation processes and 

direct sources of HCl. 

In Chapter 4 we explained how high time-resolved HCl measurements can be used in a 

simple box model to ascertain Cl production in the morning. Characterizing the unknown degrees 

of mixing from the residual layer into the boundary layer during the morning be very important to 
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properly constrain the sources of morning Cl chemistry. Future applications of this modelling 

approach could include different locations in the MBL with varying degrees of Cl precursors, as 

well as locations in-land that have been shown to have Cl activation chemistry (e.g., saline lakes). 

As two photochemical processes were observed, future experiments should focus on also 

modelling HCl formation from HNO3 combined with measurements of both ClNO2 and HNO3. A 

full field campaign with all the measurements required to properly characterize a total radical 

budget would complement this modelling approach and allow us to better understand Cl 

contributions. Cl production from photolabile precursors is the greatest source of daily Cl, while 

not accounted for here the production of Cl from HCl reaction with OH can be very important and 

would serve as an important addition in future applications. 

The newly validated HCl-TCl technique will complement future outdoor and indoor field 

campaigns where chlorine in concerned. Future projects that combine separate measurements of 

Cly and known TClg will helps elucidate contributions unknown chlorinated species to a given 

environment under ambient conditions or during active emitting events. Understanding the effects 

that meteorological conditions (e.g., Temperature and RH) can have on local TClg levels will be a 

key next step to explain trends in TClg. We have shown the efficacy of this method for measuring 

TClg and we propose that it can be applied to other halogenated species (i.e., fluorine) of concern 

provided there is an appropriate online measuring instrument. 

 

~fin~ 
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Appendix A: Supporting information for Chapter 3. 

 

A.1    Ion chromatography analysis 

Aqueous chloride samples collected into an impinger from the HCl PD were analyzed by 

IC-CD using an ICS-2100 (Thermo Fisher Scientific, Sunnyvale, California, USA) according to 

the method described by Place et al., (2018).1 An AS-DV autosampler loaded 1.0 mL of sample 

onto a concentration column (5 x 23mm, TAC-ULP1, P/N: 061400) and injected into the IC-CD. 

Anions were analyzed at a flowrate of 1.5 mL min-1 using an eluent gradient from 1–60 mM KOH 

controlled by a Dionex EGC III KOH Potassium Hydroxide Eluent Generator Cartridge (Thermo 

Fisher Scientific, Sunnyvale, California, USA), and separated on an AS11-HC analytical column 

thermostated to 30°C, and protected by an IonPac AG11 guard column (4 × 250 mm, P/N: 052960, 

and 4 x 50 mm, P/N: 052962, respectively). The gradient program started with 1.0 mM KOH held 

for 7 min followed by a linear increase to 16 mM KOH over the next 9 min. The KOH was held at 

16 mM for 4 min then linearly increased to 25 mM from 20 min to 25 min. At 25 min the 

concentration was linearly increased to 60 mM over a period of 8 min, followed by a stepped 

decrease to 10 mM KOH and held for 1 min to re-equilibrate the column, yielding a total run time 

of 33 min. The eluent was suppressed in legacy mode with 124 mA (AERS 500, 4 mm, P/N: 

082540) before Cl- was detected by the CD (DS6 heated conductivity cell, 30 °C).  

Annular denuder extracts were analyzed by IC-CD using an ICS-6000 (Thermo Fisher 

Scientific, Sunnyvale, California, USA). An AS-AP autosampler loaded 250 µL of sample onto a 

loop and injected into the IC-CD. The sample loop was cut from 0.75mm i.d. polyetheretherketone 

(PEEK; Thermo Fisher Scientific, Sunnyvale, California, USA, P/N: 052305) tubing, with a length 

of 56.59 cm. Anions were separated at a flow rate of 1.0 mL min-1 using an eluent gradient from 

10–60 mM NaOH on an IonPac AS23 analytical column protected by an AG23 guard column 
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(4 × 250 mm, P/N:064149 and 4 × 50 mm, P/N:064147, respectively). Eluent of 100 mM NaOH 

was prepared from a 9.5 mL aliquot of 50% w/w NaOH diluted to 1800 mL in deionized water, 

the eluent was purged with N2 for 15 minutes to remove trace CO2. The gradient program held 

1.0 mM NaOH for the first 15 min followed by a linear increase to 60 mM NaOH over the next 

5 min. The NaOH was held at 60 mM for 5 min, followed by a stepped decrease to 10 mM NaOH 

and held for 5 min to re-equilibrate the column, yielding a total run time of 30 min. The eluent was 

dynamically suppressed (ADRS 600, 4 mm, P/N:088666) before Cl- was detected by conductivity 

(ICS-6000 CD heated conductivity cell). 

 

 

Figure A-1. Simple schematic for the Picarro CRDS. 
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Figure A-2. Absorption coefficients modeled from Hitran database for common atmospheric 

interfering compounds within the relevant wavenumber range of the CRDS laser.2,3 

 

Figure A-3. Spectral error for HCl dataset measured in April 2019. Filtered data constituted a 

3.5% loss of total data points for the 24-hour averaged CRDS April 6 denuder comparison. 
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Figure A-4. Map of sampling location for ambient measurements. 
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Figure A-5. Ambient intercomparison sampling schematic. 
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Figure A-6. Comparison of HCl measured 4-11 April 2019 using annular denuders and CRDS 

(averaged to the collection time of denuders. Also shown are a 1:1 correlation line (solid grey), 

10 % (short grey dash) and 25 % (long grey dash) deviation from 1:1, orthogonal distance 

regression (solid black), and the least squares regression (solid red). 
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Figure A-7. a) Normalized decay curves for 0% RH. b) Tau 1’s for increasing humidity. c) Tau 

2’s for increasing humidity. b) and c) calculated by fitting decays curves to E2. 

 

Table A-1. Signal loss decay times for select input HCl mixing ratios, mapping signal loss from 

zero input. 

~Mixing 

ratio 

(ppbv) 

0% RH 20% RH 50% RH 

1
𝑒⁄  (sec) 90% (sec) 1

𝑒⁄  (sec) 90% (sec) 1
𝑒⁄  (sec) 90% (sec) 

Residence 

time (ms) 

12 26.5 101 30.8 229 38.0 458 21.0 

16 24.7 82 31.3 214 34.3 415 28.0 

21 26.4 74 30.1 178 33.4 310 37.2 

32 24.5 62 28.9 167 29.9 199 55.6 

45 25.6 54 28.3 152 31.9 186 78.8 
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Table A-2. Signal loss decay ratios for HCl decay times to residence time. 

~Mixing 

ratio 

(ppbv) 

0% RH 20% RH 50% RH 

1
𝑒⁄  90% 1

𝑒⁄  90% 1
𝑒⁄  90% 

12 0.126 0.481 0.147 1.090 0.181 2.181 

16 0.088 0.293 0.112 0.764 0.123 1.482 

21 0.071 0.199 0.081 0.478 0.090 0.833 

32 0.044 0.112 0.052 0.300 0.054 0.358 

45 0.032 0.069 0.036 0.193 0.040 0.236 

 

Table A-3. Signal increase upswing times for select input HCl mixing ratios, mapping signal rise 

from zero input to signal plateau.  

~Mixing 

ratio 

(ppbv) 

0% RH 20% RH 50% RH 

1 - 
1

𝑒
 (sec) 90% (sec) 1 - 

1

𝑒
 (sec) 90% (sec) 1 - 

1

𝑒
 (sec) 90% (sec) 

Residence 

time (ms) 

12 27.2 64 27.2 64 50.8 197 21.0 

16 26.4 62 27.9 58 49.3 204 28.0 

21 26.3 61 26.8 60 48.5 198 37.2 

32 25.7 61 29.3 60 31.8 174 55.6 

45 28.2 117 33.3 128 62.9 452 78.8 

 

Table A-4. Signal loss upswing ratios for HCl upswing times to residence time. 

~Mixing 

ratio 

(ppbv) 

0% RH 20% RH 50% RH 

1 - 
1

𝑒
 (sec) 90% (sec) 1 - 

1

𝑒
 (sec) 90% (sec) 1 - 

1

𝑒
 (sec) 90% (sec) 

12 0.130 0.305 0.130 0.305 0.242 0.938 

16 0.094 0.221 0.100 0.207 0.176 0.729 

21 0.071 0.164 0.072 0.161 0.130 0.532 

32 0.046 0.110 0.053 0.108 0.057 0.313 

45 0.036 0.148 0.042 0.162 0.080 0.574 
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Table A-5. Denuder extraction list. 

Extract # Time and Date Duration (min) Mixing ratio (ppbv) 

1 21:07 April 4 → 21:00 April 5 1433 0.074 

2 9:30 April 5 → 10:06 April 6 1476 N/A* 

3 21:00 April 5 → 21:00 April 6 1440 0.347 

4 10:06 April 6 → 10:12 April 7 1446 0.123 

5 21:00 April 6 → 20:34 April 7 1414 0.125 

6 10:12 April 7 → 9:30 April 8 1398 0.143 

7 20:34 April 7 → 21:03 April 8 1469 0.079 

8 9:30 April 8 → 10:45 April 9 1515 0.072 

9 21:03 April 8 → 21:00 April 9 1437 0.080 

10 10:45 April 9 → 10:53 April 10 1448 0.064 

11 21:00 April 9 → 10:06 April 11 2226 0.055 

* Sample lost  

Annular denuder codes were recorded for determining and applying systematic error corrections. 
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Appendix B: Supporting information for Chapter 4. 

 

B.1  Clear sky irradiance calculation 

Clear sky solar irradiance was calculated in kW m-2 by;1 

𝐼𝐷 = 1.353 × 1.1 × [(1 − 𝑎ℎ)0. 7𝐴𝑀
0.678

+ 𝑎ℎ]    (BE1) 

ID is the solar intensity on a plane perpendicular to the sun's rays in units of kW m-2. AM is the air 

mass zenith. 1.353 kW m-2 is the solar constant. 0.7 is due the fact that only 70% of the incident 

radiation on the atmosphere is transmitted to the Earth. The coefficient of 1.1 is calculated from 

the 10% diffusion component through the atmosphere. The coefficient 0.678 is an empirical fit to 

the observed data and considers the non-uniformities in the atmospheric layers. α = 0.14 and h is 

the location height above sea level in kilometers. AM is a function of latitude and calculated by;2  

𝐴𝑀 =
1

cos𝜃
         (BE2) 

Where 𝜃 is the vertical solar zenith angle and calculated by; 

cos 𝜃 = sin 𝛿 sin𝜑 + cos 𝛿 cos𝜑 cos𝜔     (BE3) 

Where 𝛿 is declination of the sun, 𝜑 is the latitude (defined as positive in the northern hemisphere), 

and 𝜔 is the hour angle. The solar declination is a function of the day of the year and calculated 

by;3 

𝛿 = −23.45° × cos (
360

365
× (𝑑 + 10))     (BE4) 
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Where d is the day of the year on the Gregorian calendar. 𝜔 is a measure of the local time 

determined by;3 

𝜔 = 15
∘
((𝐿𝑇 +

4(Longitude−15
0
∆𝑇𝑈𝑇𝐶)+9.87sin(2(

360

365
(𝑑−81)))−7.53 cos(

360

365
(𝑑−81))−1.5 sin(

360

365
(𝑑−81))

60
) − 12)  (BE5) 

Where LT is local time and ∆TUTC is the time difference in UTC. 

B.2  Deposition of HCl calculation  

The deposition of HCl in 15 min data is calculated for two deposition velocities: 1 and 6 cm s-1. 

ΔHCl = −900 × [HCl]𝑡−900 ×
DV

PBLH
      (BE6) 

Where ΔHCl is the loss in HCl over 15 min (900 sec), [HCl]𝑡−900 is mixing ratio of HCl initially, 

Dv is the deposition velocity, and PBLH is the planetary boundary layer height in cm. HCl data is 

corrected for estimated deposition for the two Dv, generating two data sets prior to modelling 

[ClNO2] at sunrise. 

 



183 
 

 

Figure B-1. Wind rose plot of HCl overlayed on a Google Earth image of the campaign location. 
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Figure B-2. Sampling schematic for the CRDS and pyranometer. 
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Figure B-3. Time-series of predicted N2O5 formation and measured HCl,  NO, NO2, and O3. 

N2O5 formation was estimated from measured NO, NO2, and O3. 

 

 

Figure B-4. HCl colored by planetary boundary layer height plotted with irradiance (Gray).  
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Figure B-5. Modelled HCl (blue) formed via the photolysis of predicted Cl2 and measured HCl 

(black) on June 18. Blue shading on the figure indicates the uncertainty in the modelled HCl 

from the range of deposition velocities. Yellow vertical line denotes time at sunrise. 
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Figure B-6. Box and whisker plot for sunny days and limited sun days, irradiance data was 

integrated for the day and the plotted with daytime HCl. 

 

Table B-1. Full summary of select measurements for HCl in the marine boundary layer. 

Location Date Method 
HCl mixing ratio 

range (pptv)a 
Reference 

Halifax, Nova 

Scotia, Canada 

May–June 

2019 
CRDS 55–572(97) This study 

Central 

California 

Coast, US 

May–June 

2010 
Acetate CI-TOFMS 0–2800(440) Crisp et al.4 

Southern 

California 

Coast, US 

May–June 

2010 
Acetate CI-TOFMS 0 to >16000(2200) Crisp et al.4 

Claremont, 

California, US 

September 

1985 
Denuder/IC 0–2000 Appel et al.5 

Claremont, 

California, US 

September 

1985 

Dichotomous 

sampler 
0–1600 John et al.6 

Glendora, 

California, US 

August 

1986 
Filter/LC 0–850(500) Grosjean.7 

Southern 

California, US 
1986 Denuder/IC 400–1300 

Eldering et 

al.8 

Colchester, UK 
March–

April 1987 
Filter/IC 100–1200 

Sturges and 

Harrison.9 
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Colchester, UK 
Feb 1987 — 

Jan 1988 
Filter/IC 200–1200(500) 

Harrison and 

Allen.10 

Petten, 

Netherlands 

March–

August 

1987 

Denuder/IC 70–3000 
Keuken et 

al.11 

Umeå, Sweden 
January 

1990 

Diffusion 

Scrubber/IC 
200–1000 Lindgren.12 

Umeå, Sweden July 1990 
Diffusion 

Scrubber/IC 
100–600 Lindgren.12 

Umeå, Sweden 
September 

1990 

Diffusion 

Scrubber/IC 
20–300 Lindgren.12 

Manhattan, New 

York, US 

July 1999—

June 2000 
Denuder/IC 10–2000 (300) Bari et al.13 

Bronx, New 

York, US 

July 1999—

June 2000 
Denuder/IC 10–1800 (300) Bari et al.13 

Sydney, Florida, 

US 
May 2002 Denuder/IC <10–5600 (700) 

Dasgupta et 

al.14 

Bermuda 

July–

September 

1988 

Filter/IC 200–400 Keene et al.15 

East Coast, US 

July–

September 

1988 

Filter/IC 500–1200 Keene et al.15 

Miami, Florida, 

US 

January 

1992 

Tandem Mist 

Chamber/IC 
40–270 

Pszenny et 

al.16 

Tudor Hill, 

Bermuda 

April–May 

1996 

Tandem Mist 

Chamber/IC 
100–900 

Keene and 

Savoie.17 

Oahu, Hawaii, 

US 

September 

1999 

Tandem Mist 

Chamber/IC 
30–300 

Pszenny et 

al.18 

Dumont 

d'Urville, 

Antarctica 

Dec 2000— 

Dec 2001 

Tandem Mist 

Chamber/IC 
30–300 

Jourdain and 

Legrand. 19 

S. Carolina, US 

to Canadian 

Coast 

July–

August 

2002 

Tandem Mist 

Chamber/IC 
<25–4500 Keene et al.20 

Germany to 

South Africa 

October–

November 

2003 

Tandem Mist 

Chamber/IC 
20–1400 Keene et al.21 

Appledore 

Island, Maine, 

US 

July–

August 

2004 

Tandem Mist 

Chamber/IC 
5–5800(600) Keene et al.22 

N. Pacific 

Ocean near 

Alaska, US 

May 2006 SF6 CIMS 6–100(30) Kim et al.23 



189 
 

Sao Vicente 

Island, Cape 

Verde 

May–June 

2007 

Tandem Mist 

Chamber/IC 
50–600 Lawler et al.24 

Cyprus 

July–

August 

2014 

Iodide CI-QMS <135–3000(790) Eger et al.25 

East Coast, US 
February–

March 2015 
Iodide CI-TOFMS 199–380 

Haskins et 

al.26 

St John’s, 

Newfoundland, 

Canada 

April 2017 CRDS <20–1210(63) 
Andrea paper 

citation 

(a) Numbers in brackets represent the measurement average. 

 

 

 

Table B-2. List of modelled dates and the ranges of predicted ClNO2. 

Date Mixing ratio range (pptv) 

June 3 9.7–10.5 

June 5 71–78 

June 7 105–118 

June 13 151–168 

June 15 71–75 

June 17 166–188 

June 18 426–465 

June 19 175–193 
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Figure B-7. Measured HCl plotted against normalized HNO3 colored by irradiance. Blue line is 

the linear regression best fit line (slope=0.085, R2=0.018). Proxy HNO3 is calculated by 

multiplying the mixing ratio of NO2 by the irradiance, to mimic OH reaction with NO2. 
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Figure B-8. Modelled HCl (blue) formed via the photolysis of predicted ClNO2 and measured 

HCl (black). Blue shading on the figure indicates the uncertainty in the modelled HCl from the 

range of deposition velocities. Yellow vertical line denotes time at sunrise. (a) June 5 and (b) 

June 15. 
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Appendix C: Supporting information for Chapter 5. 

 

Table C-1. Typical bond dissociation energies for sp3 alkyl chlorides.1 

Carbon Type  Dissociation Energy (kJ/mol)  

Primary ~410 

Secondary ~400 

Tertiary ~380 

 

 

Figure C-1. Initial prototype HCl-TCl based off of Stockwell et al., (2018).2 

 

Figure C-2. Schematic for initial HCl-TCl prototype; (A) Quartz flow-tube, (B) platinum 

catalyst bed, (C) thermocouple & process controller, (D) heaters, (E) solid state relay, (F) 

insulation, and (G) fan. 

A higher stable operating temperature was required for total chlorine combustion, which led to 

the implementing the split-tube furnace. 
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Figure C-3. Custom lab built clean air generator. (A) cooling fan, (B) water condenser and 

pressure regulator, (C) SMC membrane dryer (SMCIDG1N02, Proax Technologies Ltd, 

Oakville, Ont, Canada), and (D) two scrubbers containing Purakol and Purafil SP (Purafil, 

incorporated, Doraville, GA, USA). 
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Figure C-4. High spectral interference of added propane at low temperatures (<650 °C). 
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Figure C-5. Monitoring DCM conversion from 300–800 °C. Gray shaded region indicates when 

temperature was turned off. 

 

Figure C-6. Output of the flow-tube in the Split-tube furnace held at 825 °C. 
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