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Abstract 

In the pursuit of improved understanding surrounding tropospheric chemistry, and thus the ability to 

introduce timely and effective air quality policies, the role of atomic chlorine remains a poorly 

defined area. Research has indicated that chlorine could have significant roles in the control of the 

budgets of ozone (O3) and nitrogen oxides (NOx), and the determination of the lifetime of greenhouse 

gases such as methane (CH4). Its overall significance in these processes, however, remains poorly 

understood owing to large uncertainties in global concentrations. Understanding the sources and 

sinks of Cl-atoms is therefore vital if we are to accurately evaluate its importance as a tropospheric 

oxidant.  

This thesis details the development of a Chlorine Comparative Reactivity Method (Cl-CRM) 

instrument to directly measure the total Cl loss rate. The system was tested and calibrated using 

several single and mixed hydrocarbon standards, with a working range of 12 – 400 s-1 and an 

uncertainty of 30% identified. Nitrogen oxide (NO) is identified as a significant source of 

interference in the setup which currently prevents the field deployment of the instrument. Methods 

to minimise this interference are explored, and potential reactor re-designs proposed to minimise 

photolytic losses within the system.  

Seasonal thermodynamic partitioning of chloride between the gas and particulate phase at an urban 

background site in the UK was also investigated. The thermodynamic model ISORROPIA II is found 

to underestimate particulate chloride by a factor of 2 in the summer, however this discrepancy was 

attributed to charge imbalance owing to a lack of concurrent metal ion measurements. Larger 

discrepancies were observed in the winter dataset for which the source is unknown. In contrast to 

previous studies, we did not find any evidence that the temperature dependence of the HCl effective 

equilibrium constant function used in the model is too large. 
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1.1 Motivation and History of Atmospheric Chlorine Chemistry 

It is well established that climate change and air pollution are two of the greatest challenges we face 

in the 21st century. As reported in The Sixth Assessment Report of the Intergovernmental Panel on 

Climate Change, published in 2022, up to 3.6 billion people are estimated to be highly vulnerable to 

the impacts of climate change.1 Accurately assessing the implications of current and future emissions 

is therefore vital if we are to introduce timely and effective air quality policies that will enable the 

extent and effects of these challenges to be minimised. To achieve this, an understanding of the 

chemical and physical processes by which trace gas species are removed from the atmosphere is 

required. It is well established that the majority of such species are removed through a series of 

oxidizing chemical reactions within the troposphere, with the rate at which this “self-cleansing” 

process occurs typically referred to as the oxidative capacity of the atmosphere. Such self-cleaning 

capabilities govern a number of fundamental processes that have significant impacts on the 

aforementioned challenges, including controlling the lifetime of greenhouse gases such as CH4, the 

formation of secondary pollutants such as O3 and secondary organic aerosols (SOA), and the 

deposition of chemicals into ecosystems. It is therefore clear that if we are to accurately assess the 

impact of trace gas emissions, we need to understand the sources and sinks of species responsible for 

their removal – tropospheric oxidants.  

Chlorine atoms are known to be powerful oxidants of both organic and inorganic species. The 

importance of Cl chemistry within atmospheric oxidation chemistry was first suggested in 1974 by 

Stolarski and Cicerone who hypothesised that, should sources of atomic Cl exist within the 

stratosphere, catalytic destruction of O3 could proceed via the formation of oxides of chlorine 

(ClOx):2  

A prominent source of these Cl atoms was later identified by Molina and Rowland who showed that 

as chlorofluorocarbons (CFCs) are inert to removal mechanisms within the troposphere, they are able 

diffuse from the ground level into the stratosphere whereupon they are exposed to UV radiation of 

sufficient energy to cleave the C-Cl bond and release Cl.3 The breakdown of CFCs was therefore 

expected to occur within the upper stratosphere as opposed to the lower stratosphere in which the 

bulk of stratospheric O3 exists. Consequently, it was estimated that CFCs would account for 5-10% 

of O3 depletion.4 It was not until 1985, however, that the true extent of CFC involvement in O3 

destruction was fully rationalised. Based at Halley Bay, Farman et al. reported significant depletions 

in the thickness of the springtime O3 layer above Antarctica when compared to measurements 

 Cl  +  O3  →  ClO  +  O2 (Reaction 1.1) 

 ClO  +  O  →  Cl  +  O2 (Reaction 1.2) 

Net: O3  +  O  →  2 O2  
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recorded in the 1950s, a phenomenon later referred to as the “O3 hole”.5 To explain this enhanced O3 

loss, Solomon et al. proposed that HCl and chlorine nitrate (ClONO2), products of the reaction of 

ClO and Cl in the lower troposphere, could react to generate Cl2 as outlined in reaction 1.3: 

Whilst reaction between the two species is slow in the gas phase, reactions on particle surfaces 

proceed at a much greater rate. It was therefore suggested that the reaction proceeded via a 

heterogenous mechanism on top of the surfaces of polar stratospheric clouds (PSCs), from which Cl-

atoms would be generated following the photolysis of Cl2. PSCs also provided a surface upon which 

reactive nitrogen could be converted into the less reactive HNO3 following the reaction of dinitrogen 

pentoxide (N2O5) with water:6  

To account for these new finding, a new mechanism for the catalytic destruction of O3 involving the 

formation of a ClO-dimer was proposed by Molina and Molina:7 

The growing evidence of CFC involvement in stratospheric O3 depletion led to the signing of the 

Montreal Protocol in September 1987, which mandated the gradual phase-out of the production of 

the compounds along with several other chlorine and bromine containing O3 depleting substances. 

To date, the treaty is widely considered to be one of the most successful international environmental 

policies to have ever been introduced. 

By contrast, an understanding of the impacts of Cl atoms within the troposphere has yet to be fully 

established, with current estimations of its importance ranging from highly important to negligible.8, 

9 This uncertainty predominantly arises due to a lack of observational constraints that would enable 

the Cl chemistry to be accurately represented within simulations. It is therefore clear that this an area 

which requires further research and will be the focus of this work. 

 HCl  +  ClONO2  →  HNO3  +  Cl2 (Reaction 1.3) 

 N2O5  +  H2O(aq)   →  2 HNO3 (Reaction 1.4) 

 2 Cl  +  2 O3  →  2 ClO  +  2 O2 (Reaction 1.5) 

 ClO  +  ClO  +  M  →  Cl2O2  +  M (Reaction 1.6) 

 Cl2O2  +   hν   →  Cl  +  ClO2 (Reaction 1.7) 

 ClO2  +   hν   →  Cl  +  O2 (Reaction 1.8) 

Net: 2 O3  →  3 O2  
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1.2 The Role of Chlorine in the Troposphere 

1.2.1  Fundamentals of Oxidative Chemistry  

Under most atmospheric conditions, the hydroxyl radical (OH) is the dominant daytime oxidant 

within the troposphere, with its formation predominantly driven by the photolysis of O3: 

Upon its formation, OH can go on to react with CO to form the hydroperoxyl radical (HO2). This in 

turn can react with O3 to reform OH in a process collectively referred to as the HOx cycle:  

Another loss mechanism of OH is through reaction with volatile organic compounds (VOCs), 

resulting in the formation of peroxy radicals (RO2). For example, in the case of CH4:  

The subsequent fate of these peroxy radicals is dependent upon the concentration of NO within the 

environment of interest. In instances in which the concentration of NO is very low, RO2 can either 

react in a self-reaction (RO2 + RO2) or through a cross-reaction with another RO2 radical (RO2 + 

R’O2). Both pathways ultimately result in the formation of HO2, as represented by the self-reaction 

pathway of the methylperoxy radical formed in reaction 1.15:  

In the presence of NO however, reaction 1.16 in the above mechanism can be replaced with the 

following: 

HO2 formed during the oxidation process can also react with NO to re-form OH and a molecule of 

NO2, ultimately resulting in the formation of O3 following the photolysis of the latter species:  

 O3  +  hν (λ < 375 nm) →  O(1D)  +  O2 (Reaction 1.9) 

 O(1D)  +  H2O →  2 OH (Reaction 1.10) 

 OH  +  CO  →  H  +  CO2 (Reaction 1.11) 

 H  +  O2  +  M  →  HO2  +  M (Reaction 1.12) 

 HO2  +  O3  →  OH +  2 O2 (Reaction 1.13) 

 OH  +  CH4  →  CH3  +  H2O (Reaction 1.14) 

 CH3  +  O2  +  M  →  CH3O2  +  M (Reaction 1.15) 

 CH3O2   +  CH3O2  →  2 CH3O  +  other products (Reaction 1.16) 

 CH3O  +  O2  →  HO2  +  HCHO (Reaction 1.17) 

 CH3O2  +  NO  →  CH3O  +  NO2 (Reaction 1.18) 
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Like OH, Cl is known to react with hydrocarbons, typically via a hydrogen abstraction mechanism 

as outlined in reaction 1.21: 

It is widely reported that Cl atoms are therefore involved in CH4, dimethylsulfide and non-methane 

hydrocarbon (NMHC) oxidation.10-14 Despite their lower abundance than OH, global model 

simulations conducted by Wang et al. and Sherwen et al. attribute Cl atoms to be responsible for 1 

and 2% of the global oxidation of CH4 respectively.12, 13 For ethane, this contribution increases to 20 

and 27%. These substantial contributions can be attributed to the rate coefficients for the reaction of 

Cl with VOCs typically being a factor of >10 greater than comparative reactions with OH.15 Research 

has also provided evidence of Cl atom involvement in regional O3 production,16, 17 oxidation and 

deposition of gaseous mercury,18, 19 and processing of reactive nitrogen species such as N2O5.20, 21 

The impact of these processes however, and thus the importance of Cl as an oxidant, are difficult to 

quantify owing to large uncertainties in global and local Cl atom concentrations. In comparison to 

OH for example, of which global mean concentrations are estimated to be 0.7 – 1.5 × 106 molecule 

cm-3,22 estimations of Cl atom levels span over two orders of magnitude (102 – 104 atoms cm-3), with 

the simulated global distribution depicted in Figure 1.1.23-27 Such a large uncertainty arises from there 

being no observational technique currently developed that would enable direct measurements of 

species at the concentrations at which Cl atoms are present within the troposphere. As such, indirect 

methods must be employed in order to estimate their concentration although these are not without 

their issues. A summary of the methods currently reported in the literature is given below. 

 

 

 

 

 

 

 

Figure 1.1. Global distribution of the annual Cl-atom concentrations simulated by the Geos-Chem global 

transport model. Taken from Wang et al. 13 

 NO2  +  hν (λ < 420 nm)  →  O(3P)  +  NO (Reaction 1.19) 

 O(3P)  +  O2 +  M  →  O3  +  M (Reaction 1.20) 

 Cl  +  RH  →  HCl  + R (Reaction 1.21) 
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1.2.2 Existing Methods of Estimating Chlorine Atom Concentrations 

On a global scale, average concentrations of Cl atoms have previously been inferred using isotope 

ratios of CH4.24-27 The underlying principle of this approach to estimating Cl atom concentrations is 

the kinetic isotope effect. Considering first the oxidation of CH4 by OH, reaction with the more stable 

and prominent (99%) 12CH4 isomer will proceed at a slightly faster rate than that with the heavier 

13CH4 isomer owing to the C-H bond in the latter being stronger.25 Consequently, as more CH4 is 

removed from the troposphere through reaction with OH, the 13C / 12C ratio increases. Due to the rate 

coefficient for the reaction between CH4 and Cl atoms being approximately a factor of 15 greater 

than the analogous reaction with OH (kCl = 1.0 × 10-13, kOH = 6.4 × 10-15 at 298 K),15 and Cl also 

reacting faster with the 12C isomer due to this kinetic isotope effect, the observed isotope ratios would 

be greater in environments in which Cl atoms are present than would be predicted on the basis of 

simple removal of CH4 through reaction with OH. As such, comparison of the predicted and observed 

isotope ratios enables the concentration of Cl atoms to be obtained. From such studies, spatially and 

temporally averaged concentrations within the marine boundary layer (MBL) have been reported, 

and are estimated to be within the range of 0.3 - 1.8 × 104 atoms     cm-3. Such concentrations are in 

reasonable agreement with those obtained by Singh et al. who used the removal rate of 

tetrachloroethylene (chosen due it’s the large kCl / kOH ratio of 365 at 275 K) to approximate the Cl 

atom concentration to be within the range of 0.5 – 1.5 × 104 atoms cm-3 in the MBL.23 A key 

disadvantage of both of these techniques however is that they do not provide any insight into the 

controlling mechanisms for the formation of Cl.  

A more readily used technique which enables Cl chemistry to be assessed on a regional and local 

scale is the examination of VOC tracer ratios. Such an approach requires the concentration of three 

different VOCs of similar sources to be monitored, with the species chosen such that two have 

comparable reaction rate coefficients for reaction with Cl and two have comparable rate coefficients 

for reaction with OH as depicted in Figure 1.2. The relative contribution of OH and Cl to the 

oxidation of the three VOCs, and thus an estimation of the Cl atom concentration, can be obtained 

by monitoring the ratio of the three compounds in air masses of different ages. In general, ratios of 

more reactive VOCs (such as the tracer ratio species given in red in Figure 1.2) are typically utilised  

for monitoring transportation and photochemical processes which occur on shorter timescales of 

hours and days, as opposed to tens of days.28 Average concentrations obtained using this approach 

have ranged from 7.2 × 102 – 105 atoms cm-3.29-35 Mixing of air parcels of different photochemical 

ages and emission histories is a clear source of uncertainty in the factors influencing changes in the 

tracer VOC ratios however, provided that the difference in rate coefficients between the two VOCs 

comprising each ratio are significantly large, the method is still reported to yield a reasonable 

assessment of the degree of photochemical processing of the most reactive monitored species.28 As 

reported by Young et al. however,36 high sensitivity to the formation of secondary OH radicals 
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following the initial oxidation of VOCs by Cl is the key issue with this method. The formation of 

OH is driven by the reaction between HO2 and NO as outlined in reaction 1.22: 

Consequently, the technique is only suitable for application in remote environments in which the 

concentration of nitrogen oxides (NOx) is low.  

 

Figure 1.2. Rate constants for the reaction of Cl and OH with VOCs typically used to determine the Cl atom 

concentration via the tracer ratio method. Reproduction from Young et al. 36 

Mist chamber experiments have also been used for the measurement of inorganic Cl gases.37-40 In 

such an approach, water-soluble species are concentrated through turbulent mixing of ambient air 

and an aqueous solution dispersed as a mist within a chamber. The resulting aqueous matrix is then 

typically analysed through ion chromatography (IC). For the measurement of Cl gases, two mist 

chambers are typically operated in tandem, one containing an acidic solution to sample HCl* (HCl 

+ ClNO2 + ClNO3 + ClNO) and another containing a basic solution to sample Cl* (Cl + ClO + Cl2 + 

HOCl). Whilst such an approach would enable the total Cl atom concentration to be determined, like 

the isotope ratio method, identification of the contributing species is not possible. Furthermore, the 

technique suffers from poor time resolution as samples are typically collected over a period greater 

than 2 hours.39 It is therefore clear that new observational techniques are required if we are to reduce 

the uncertainty in the Cl atom concentration, and thus elucidate the importance of Cl chemistry within 

the troposphere. Since the atmospheric lifetime of Cl atoms is relatively short, they can be considered 

to be in steady state: 

    
𝑑[𝐶𝑙]

𝑑𝑡
 =  𝛴𝑃𝐶𝑙 −  𝑘𝐶𝑙

′ [𝐶𝑙]  =  0         (Equation 1.1) 

 

 HO2  +  NO  →  OH  +  NO2 (Reaction 1.22) 
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where: 

• Σ PCl is the total rate of Cl atom production 

• k’Cl is the total loss rate of Cl atoms 

• [Cl] is the steady state concentration of Cl 

It therefore follows that if the sources and sinks of Cl atoms are simultaneously measured, the 

concentration of Cl atoms can be determined. Consequently, any new observational techniques 

developed should focus on the measurement of the sources of Cl atoms and their total loss rate.  

1.3 Sources of Chlorine Reservoir Species 

In order for a chlorinated compound to contribute to the oxidation processes discussed in section 1.2 

they need to be able to release a Cl atom under tropospheric conditions, either through photolysis or 

following reaction with OH. For the vast majority of chlorinated organic compounds such as CFCs, 

whilst they are important sources of Cl atoms within the stratosphere as discussed in section 1.1, their 

contribution to tropospheric Cl atom production is negligible due to their stability with respect to 

tropospheric degradation processes.41 In contrast however, inorganic gases such as HCl, nitryl 

chloride (ClNO2), Cl2 and hypochlorous acid (HOCl) are susceptible to degradation under such 

conditions and can therefore be considered as chlorine reservoir species.42 A breakdown of the 

sources of these species, and their relative importance to the formation of Cl atoms, is given below.  

1.3.1 Chemical Sources  

The dominant global source of inorganic chlorine gases stems from the mobilisation of particulate 

chloride (pCl-) present within sea spray aerosols (SSA). The formation of these SSAs occurs via a 

mechanical process in which wind-induced turbulence results in the formation of breaking waves at 

the ocean surface.43 When such actions occur, air is entrained into the water where upon it is dispersed 

into bubbles that rise to the surface and burst. This bursting action results in the formation of hundreds 

of film drops that consist of sea salt and hydrophobic organics that are present within the sea surface 

microlayer (SML), with sizes ranging from the nanometre to micrometre scale.44, 45 The 

transportation of the resulting SSA is determined by particle size, with the inland transport of the 

super-micron (diameter > 1μm) fraction negligible due to its short lifetime against deposition (~1.5 

days).46 The submicron fraction however, due to its lighter weight, has a longer lifetime of 1-2 weeks 

and can therefore be carried further inland beyond the immediate coastal regions.47 Additional inland 

sources of pCl- include road salt application and the combustion of biomass and biofuels.48, 49  

A key route by which pCl- is mobilised into the gas phase in the form of HCl is through acid 

displacement.42 Whilst organic acids have been shown to play a role in this process,50 the two most 

common strong acids through which this is achieved are HNO3 and H2SO4 as described by reactions 

1.23 and 1.24 respectively:51, 52 
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HCl is the most abundant form of inorganic chlorine within the troposphere, with mixing ratios 

ranging from 101 – 103 parts per trillion volume (pptv) reported.53-56 Higher concentrations of the 

reservoir species are typically observed in polluted coastal environments, likely owing to the 

enhanced anthropogenic emissions of acid gas precursors such as NOx and SO2. Using global 3-D 

modelling, the formation of HCl through acid displacement of SSA was attributed to 70% of the total 

reactive chlorine budget (Cly) by Wang et al.13 Upon its formation, HCl can react with OH to liberate 

a Cl atom as described by reaction 1.25: 

As the reaction is relatively slow (k = 7.8 × 10-13 cm3 molecule-1 s-1 at 298 K),57 this pathway 

represents a minor loss mechanism of HCl, as reflected in the aforementioned study by Wang et al. 

in which only 19% of the total HCl loss was attributed to the process.13 Instead, the lifetime of HCl 

is predominantly controlled by wet and dry deposition processes.56 It is important to note, however, 

that the reaction between Cl atoms and hydrocarbons re-generates HCl as discussed in section 1.2.1. 

As such, Cl can cycle between the two forms so long as there is sufficient concentrations of OH 

available for reaction. HCl can also exist in equilibrium with its hydrated form in the particle phase 

under typical atmospheric conditions, as described by reaction 1.26. Thermodynamic partitioning 

between the two states is dependent upon a number of factors including relative humidity (RH), 

liquid water content, particle pH and solute activity - parameters which are in turn influenced by 

meteorological conditions such as ambient pressure and temperature as well as the atmospheric 

composition.53  

Heterogeneous reactions on the surface of chloride containing aerosols offer an alternative route by 

which the relatively unreactive pCl- can be converted into a more active form. N2O5 is a nocturnal 

reservoir of NOx formed via the reversible reaction between NO2 and NO3 as outlined in reactions 

1.27 – 1.29: 

Laboratory experiments conducted by Finlayson-Pitts et al. first identified that the reaction of N2O5 

on aqueous chloride containing particles could generate both ClNO2 and NO3
- (reaction 1.30).21 

 HNO3  +  Cl-  ⇌  NO3
-  +  HCl (Reaction 1.23) 

 H2SO4  +  2 Cl-  ⇌  SO4
2-  +  2 HCl (Reaction 1.24) 

 HCl  +  OH  →  Cl  +  H2O (Reaction 1.25) 

 HCl  ⇌  H+
(aq)  +  Cl-

(aq) (Reaction 1.26) 

 NO  +  O3  →  NO2  +  O2 (Reaction 1.27) 

 NO2  +  O3  →  NO3  +  O2 (Reaction 1.28) 

 NO2  +  NO3  ⇌  N2O5   (Reaction 1.29) 
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Similarly, N2O5 can also react with water present within the particle to generate HNO3 (reaction 1.31), 

thus the yield of ClNO2 from the process is dependent on both the water and chloride concentrations 

of the particle.58    

More recently, Raff et al. have proposed a further surface-mediated mechanism for the formation of 

ClNO2.59 Initially, N2O5 is absorbed onto a surface whereupon it forms the complex NO2
+NO3

- as 

shown in reaction 1.32. The complex can then undergo reaction with HCl to generate ClNO2 and 

HNO3 as outlined in reaction 1.33. A schematic representation of the two heterogenous pathways to 

ClNO2 is given in Figure 1.3. 

Figure 1.3. Heterogeneous pathways for the conversion of N2O5 into ClNO2. (Left) Surface-mediated 

reaction between N2O5 and HCl as proposed by Raff et al.59 (Right) The more well-established reaction of 

N2O5 with Cl-
(aq). Taken from Ravishankara.60 

Whilst measurements of ClNO2 via the surface-mediated mechanism were acquired at low RHs (0.5 

– 25%), Raff et al. suggest that the mechanism could function at a greater rate at higher RHs owing 

to the catalytic behaviour of water observed within ab-initio calculations and experimental 

measurements. As noted by Ravishankara, however, higher humidities would lead to the formation 

of droplets with greater water content which could remove N2O5 as described by reaction 1.31.60 

Consequently, production of ClNO2 via reaction with Cl-
(aq) present in aerosols is likely to dominate 

within the free troposphere and at a regional and global scale. The importance of the surface mediated 

mechanism on a localised scale will ultimately be determined by the availability of solid surfaces 

and sources of pCl-. It therefore follows that surface reactions would be most prominent in highly 

 N2O5  +  Cl-
(aq)  →  ClNO2  + NO3

- (Reaction 1.30) 

 N2O5  + H2O(aq)   →  2 HNO3 (Reaction 1.31) 

 N2O5  →   NO2
+ NO3

- (Reaction 1.32) 

 NO2
+ NO3

-  +  HCl  →  ClNO2  + HNO3 (Reaction 1.33) 
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urbanised areas, due to their large building densities, as well as indoor environments. As reactive 

uptake coefficients were not reported by Raff et al.,  how effectively this mechanism would compete 

with the particulate pathway is unknown and thus requires further investigation.     

With respect to ambient observations of ClNO2, initial measurements of the reservoir species were 

focused on the MBL in which concentrations ranging between sub 50 pptv (below the level of 

detection of a CIMS instrument) and 2.1 parts per billion volume (ppbv) were recorded, the latter 

observed within the polluted coastal environment of Los Angeles.61-63 In 2010, Thornton et al. 

detected ClNO2 at concentrations ranging between 100 - 450 pptv near Boulder, Colorado in central 

North America, expanding the impact of Cl tropospheric chemistry beyond the MBL.64 Since then, a 

considerable number of studies have reported ClNO2 measurements in continental environments as 

well as polluted coastal sites.65-73 Upon photolysis, ClNO2 releases a Cl atom and NO2 (reaction 

1.35).61, 74 Research conducted by Ghosh et al. demonstrated that this could result in the production 

of Cl within the first 3-5 hours following sunrise, a period in which the contraction of other oxidants 

would be low.75  

Cl2 is another photolabile chlorine reservoir species, with typical tropospheric mixing ratios on the 

order of 10-100 pptv reported.62, 76, 77 The aqueous phase reaction of OH and Cl- as described by 

reactions 1.35–1.39 is a minor route by which Cl2 can be produced:78   

A number of heterogenous reactions have also been proposed which would provide alternative 

pathways to the formation of Cl2. One such route is the formation and reaction of a surface complex 

which is formed following the reaction of gas phase OH and Cl-:78-80 

Heterogenous reactions with ClNO2, ClONO2, HOCl and hypobromous acid (HOBr) offer further 

routes by which chlorine activation can proceed:77, 81 

 ClNO2  +  hν  →  Cl + NO2 (Reaction 1.35) 

 OH(aq)  +  Cl-  ⇌  HOCl- (Reaction 1.35) 

 HOCl-  +  H+  →  H2O  +  Cl (Reaction 1.36) 

 Cl  +  Cl-  →  Cl2
- (Reaction 1.37) 

 2 Cl2
-  →  Cl2(aq)  +  2 Cl- (Reaction 1.38) 

 Cl2(aq)  →   Cl2(g) (Reaction 1.39) 

 OH(g)  +  Cl-
(aq)  ⇌  OH--Cl- (Reaction 1.40) 

 2 OH--Cl-  →  Cl2(g) + 2 OH-
(aq) (Reaction 1.41) 
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Analogous reactions to those described in 1.43 and 1.44 with particulate bromide are also known to 

act as potential sources of bromine chloride (BrCl).82 In the aforementioned global model simulations 

conducted by Wang et al.,13 photolysis of BrCl accounted for 40% of the total Cl and ClO radical 

production within the troposphere. By comparison, photolysis of ClNO2 and Cl2 accounted for only 

8 and 4% respectively, with the reaction between HCl and OH responsible for 45%. Despite the 

simulated importance of BrCl as a reservoir species, field measurements are sparse. Whilst 

measurements of the species have been made in polar regions, in which concentrations are typically 

in the low 10s of pptv,49, 83 the species has not been observed in coastal or open ocean marine air 

despite detection limits < 2 pptv.84, 85   

HOCl and ClONO2 are by-products of the reaction of Cl radicals with O3 to form chlorine monoxide 

(ClO) as depicted in reaction 1.1, which in turn can react with HO2 and NO2 (reactions 1.46 and 1.47 

respectively).62 Both species can be photolysed to liberate a chlorine radical, however, their rate of 

formation in polluted regions is limited by the availability of ClO where reaction with NO is the 

dominant sink – a reaction which itself produces a Cl radical (reaction 1.48).62  

Several additional sinks of ClO are known to exist. Reaction with OH represents one such minor 

pathway, and is known to proceed via two different routes as represented by reaction 1.49 and 1.50:86, 

87 

Reaction with bromine monoxide (BrO) is a further route by which ClO can be lost, resulting in the 

formation of BrCl (reaction 1.51), the chlorine peroxy radical (ClOO, reaction 1.52) and chlorine 

dioxide (OClO, reaction 1.53).88 ClOO is known to rapidly undergo photolysis to generate a Cl 

radical and O2. Similarly, OClO can also undergo photolysis, reforming ClO and O and as such can 

lead to the formation of O3. 

 ClNO2  +  Cl-
(aq)  →  Cl2  +  NO2

- (Reaction 1.42) 

 ClONO2  +  Cl-
(aq)  +  H+

(aq)  →  Cl2  +  HNO3
 (Reaction 1.43) 

 HOCl  +  Cl-
(aq)  +  H+

(aq)  →  Cl2  +  H2O (Reaction 1.44) 

 HOBr  +  Cl-
(aq)  +  H+

(aq)  →  BrCl  +  H2O (Reaction 1.45) 

 ClO  +  HO2  →  HOCl  +  O2 (Reaction 1.46) 

 ClO  +  NO2 + M →  ClONO2  +  M (Reaction 1.47) 

 ClO  +  NO  →  Cl  +  NO2 (Reaction 1.48) 

 ClO  +  OH  →  Cl  +  HO2 (Reaction 1.49) 

                      →  HCl  +  O2 (Reaction 1.50) 
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Self-reaction is the final sink mechanism for ClO. The reaction is known to proceed via four channels; 

a termolecular reaction (reaction 1.54) and three bimolecular pathways (reactions 1.55-1.57).  

In all instances the pathways ultimately generate a Cl atom as chlorine peroxide (Cl2O2), generated 

in reaction 1.55, also readily undergoes photolysis to generate ClOO and a Cl atom.  

A summary of the chemical sources and sinks of tropospheric Cl atoms that have been described in 

this section is given in Figure 1.4.  

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Summary of the chemical sources and sinks of tropospheric Cl atoms. Red arrows represent 

heterogeneous reactions resulting in the formation of chlorine reservoir species. Additional heterogeneous 

reactions of importance are denoted by grey arrows. Black arrows are used to represent chemical reactions 

whilst photolysis is shown by blue lines. 

 ClO  +  BrO  →  BrCl  +  O2 (Reaction 1.51) 

                       →  ClOO  +  Br (Reaction 1.52) 

                       →  OClO  +  Br (Reaction 1.53) 

 ClO  +  ClO  +  M  →  Cl2O2  +  M (Reaction 1.54) 

 ClO  +  ClO  →  Cl2  +  O2 (Reaction 1.55) 

                       →  Cl  +  ClOO (Reaction 1.56) 

                       →  Cl  +  OClO (Reaction 1.57) 
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1.3.2 Direct Emissions 

In addition to chemical sources of Cly, both natural and anthropogenic emission sources  are also 

known to exist. With respect to the former, HCl is known to be emitted following volcanic 

eruptions.42, 89 By comparison, primary anthropogenic emissions of HCl, pCl-, Cl2 and HOCl have 

been reported from coal combustion,46, 90, 91 waste incineration,92, 93 industrial processes such as lime 

and brick production,90, 94 and biomass burning.95, 96 Hypochlorite (OCl-) bleach solutions, commonly 

used for domestic and industrial cleaning purposes, is an additional source of chlorinated gases. 

Whilst measurement of organic species such as carbon tetrachloride (CCl4) and chloroform (CHCl3) 

have been reported after the application of the product in indoor environments,97-101 HOCl, Cl2, 

ClNO2 have also been measured.102, 103 In a study conducted by Mattila et al.102, peak concentrations 

of up to 370, 130, 34 ppbv were observed respectively – several orders of magnitude greater than 

that reported in outdoor environments. Whilst measurements of HCl were not recorded during the 

study, it was estimated that the application of bleach could lead to an enhancement of its 

concentration by 1-2 ppbv under background levels of NO, and up to 15-20 ppbv under periods of 

elevated NO. Such concentrations are, however, in large excess to direct measurements by Dawe et 

al. who observed enhancements of ~ 0.1 ppbv.104 Whilst indoor air chemistry is not the primary focus 

of this thesis, the observation of these species within such environments further highlights the need 

to further our understanding of Cl chemistry.  

1.3.3 Measurement of Cly 

A summary of the global annual mean vertical distributions of the inorganic Cly constituents 

discussed in this chapter, as modelled in GEOS-Chem, is provided in Figure 1.5. Traditionally the 

measurement of such species within the troposphere was achieved by sampling ambient air through 

an alkaline-impregnated filter fitted downstream of a particulate filter, or alternatively through the 

use of an alkaline coated denuder, with the resulting extract analysed through ion chromatography.42 

Recent advancements in observational techniques have, however, enabled online measurements to 

be possible. Chemical ionisation mass spectrometry (CIMS) is an example of such a technique which 

has been routinely deployed to measure a variety of different reservoir species including HCl, ClNO2, 

HOCl and Cl2.53, 61, 66, 105 Owing to the well-defined and spectrally isolated adsorption features of 

HCl,106 measurements of ambient HCl have also been reported using infrared adsorption 

spectroscopy, through techniques such as cavity ring down spectroscopy (CRDS) and tunable 

infrared laser direct absorption spectroscopy (TILDAS). 55, 107-109 Conversion of the remaining 

components of Cly into HCl would enable the total Cl atom reservoir to be measured by these 

spectroscopic techniques. Such an approach has recently been developed by Furlani et al. to measure 

the total gaseous Cl concentration (TClg).110 The technique is dependent on the complete thermolysis 

of TClg , which is achieved by passing ambient air through a heated platinum mesh, resulting in the 

release of Cl atoms which react with a propane standard (mixed with ambient air prior to heating) to 
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generate HCl. One limitation of this approach, however, is that organic Cl containing species such 

as methyl chloride (CH3Cl) and dichloromethane (CH2Cl2) also undergo thermolysis within the setup. 

Whilst such species are the dominant fraction of TClg, they are more stable to degradation within the 

troposphere than inorganic sources as previously discussed, with the lifetimes of CH3Cl and CH2Cl2  

simulated to be 573 and 109 days respectively. Consequently, an alternative approach to generating 

HCl is required which would enable only the inorganic fraction to be considered in order to calculate 

the total Cl atom reservoir through steady state calculations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Global annual mean vertical distributions of inorganic Cly constituents simulated in GEOS-Chem 

for continental and marine air. Taken from Wang et al.13 

1.4 Total Loss Rate Measurement Techniques 

As reported by Goldstein and Galbally,111 there has been an estimated 104 – 105 different organic 

species that have been measured in the atmosphere, with such a range potentially just a small fraction 

of the number species that are actually present. Consequently, deriving the total Cl loss rate from 

concentrations of VOCs measured in the field is unlikely to be sufficient, as has been found in several 

studies investigating OH in which 10-50% of the measured reactivity has been unaccounted for when 

only considering the measured species.112-115 Direct measurement of the total ambient Cl reactivity 

in the field is therefore vital if we are to test our understanding of the associated loss mechanisms 

and accurately calculate local Cl atom concentrations. Whilst no such technique has been developed 

to achieve this specifically for investigating Cl, several different techniques have been utilised for 
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the direct measurement of the total OH reactivity that could be modified to enable such analysis. A 

discussion of such techniques is provided herein. 

1.4.1 Flow Tube Reactivity Measurements 

The first method developed to measure the total OH reactivity was the Total OH Loss rate Method 

(TOHLM).116 This approach utilises the discharge-flow technique,117-119 with OH generated within a 

narrow moveable tube that is injected into the centre of a larger flow tube, through which ambient 

air is passed. Upon mixing, OH and the trace gases present in the ambient air react, with the resulting 

mixture sampled through a inlet situated at the end of the flow tube and the concentration of OH 

measured. Alterations in the reaction time can then made by adjusting the position of the injector 

relative to the detection chamber. By measuring the concentration of OH at different reaction times, 

an OH decay profile can then be obtained of the form: 

   [𝑂𝐻]𝑡 =  [𝑂𝐻]0 𝑒𝑥𝑝−𝑘𝑂𝐻𝑡         (Equation 1.2) 

where: 

• [OH]0 and [OH]t are the concentrations of OH at the start of the reaction and time t 

• kOH is the pseudo 1st order rate constant for the loss of OH 

Assuming that the reaction between OH and the reactive species present in the ambient air sample 

fulfils the pseudo first-order requirement (that the concentration of the reactive species is in large 

excess of OH and does not change significantly within the reaction chamber), a plot of ln(OH signal) 

against time should yield a straight line with a gradient equivalent to kOH. It should be noted, however, 

that due to physical losses of OH within the reactor (e.g. wall loses), the value of kOH obtained is the 

sum of both the chemical and physical losses of OH (kOH = k’OH + k’phys). Consequently, the value of 

k’phys must be well established in order to determine the true loss rate of OH.  

Since the development of the TOHLM, several similar instruments have been developed.120-122 In all 

instances, the measurement of OH is achieved using Laser-Induced Fluorescence-Fluorescence 

Assay by Gas Expansion (LIF-FAGE). In such an approach, OH is excited by laser light from the 

ground state to an electronically excited state, from which the deactivation to the ground state is 

achieved following fluorescence and collisional quenching.123 The resulting fluorescent photon at 

308 nm that is emitted during the process is then detected, with the number of photons proportional 

to the concentration of OH within the detection chamber.123 The detection chamber is held at low 

pressure in order to reduce the collisional quenching of the excited OH radicals, allowing for the 

fluorescence lifetime to be extended in order for temporal discrimination of the laser pulse and the 

subsequent OH fluorescence to be achieved.123   
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It should be noted that this approach is not without its limitations. As the formation of OH within the 

instruments is typically achieved through the photolysis of water vapour (reaction 1.58), HO2 is also 

formed as a secondary product as described by reaction 1.59: 

Recycling of OH within the flow tube can therefore occur prior to detection following the reaction 

of HO2 with any NO present in the ambient air sample ( > ~1 ppbV) as outline in reaction 1.22. This 

recycling process reduces the observed decay rate in OH and therefore can interfere with the 

calculated value of kOH.124 Consequently, in order to correct for this interference, the concentration 

of NO must be simultaneously measured during the operation of the instrument. A further limitation 

of the flow tube technique is the need for both OH and the ambient air mixture to be well mixed prior 

to measurement. In order to achieve this, the air flow at the outlet of the moveable injector is typically 

made turbulent, which can result in further physical losses of OH to the reactor walls that would need 

to be quantified – with the uncertainty on this measurement reducing the limit of detection (LOD) of 

the instrument.116 A final disadvantage of the technique is its poor time resolution owing to the need 

to adjust the reactor position. During these periods, the OH reactivity could exhibit significant 

variability which can result in the obtainment of erroneous kOH values.         

1.4.2 Laser Flash Photolysis 

Another method which utilises LIF to measure the total OH reactivity is the pump probe method. 

First developed by Calpini et al.,125 ambient air is sampled into a reaction cell within which OH is 

generated via the photolysis of ambient O3 (λ = 266 nm) by a pump laser beam as described by 

reactions 1.9 and 1.10. As with the flow tube reactivity measurements, the OH concentration 

decreases after the irradiation of the pump laser beam as a result of its reactions with the trace species 

present in the air sample. Time-resolved LIF measurements are then conducted on the resulting 

mixture within a detection chamber by pulsing a probe laser at 308 nm, enabling the decay profile of 

OH to be obtained. There are number of advantages of using this technique over the flow tube method, 

and since the work of Calpini et al. several similar instruments have been developed.126-128 The first 

advantage is the use of ambient O3 photolysis as a source of OH radicals as it does not form any HO2 

like the photolysis of H2O, and as such the NO interference on the measured kOH is minimised. The 

production of OH radicals by this approach also ensures that their concentration is uniform 

throughout the reaction cell, removing the issue of poor mixing that could arise in the flow tube 

method. A laminar flow through the reaction cell can therefore be utilised, reducing losses of OH to 

the walls of the reactor, leading to reduced uncertainty in the value of k’phys and potentially lower 

LODs. The approach also offers improved time-resolution when compared to the flow tube technique 

 H2O  +  hν  →  OH  +  H (Reaction 1.58) 

 H  +  O2  +  M  →  HO2  +  M (Reaction 1.59) 
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as the OH measurements are made in “real-time” through the use of time-resolved OH decay 

measurements.128  

1.4.3 Comparative Reactivity 

An alternative method was published by Sinha et al. at the Max Planck Institute for Chemistry in 

2008 which enables the total OH reactivity to be determined without directly measuring the 

concentration of OH radicals.129 The comparative reactivity method (CRM) is similar in its 

underlying principles to that of relative rate measurements. The method employs a reference 

compound (X), for which its rate coefficient with reaction towards OH is well established, and its 

natural abundance within the atmosphere negligible, to indirectly measure the OH reactivity with 

ambient air. The compound is first introduced into a glass reactor in a flow of zero air and its 

concentration monitored with a suitable detector upon its exit. OH radicals are then introduced 

through a side arm in the glass reactor following the photolysis of water vapour, whereupon they 

react with the compound X resulting in a depletion in its concentration that is measured by the chosen 

detector. Once the concentration has stabilised, the zero air flow is switched for ambient air. As a 

result of the trace species that are subsequently introduced into the reactor which compete with 

compound X for the finite amount of OH radicals, the concentration of compound X increases. Using 

the concentrations of compound X exiting the reactor at each stage, the OH reactivity of the ambient 

air sample can be derived:  

 𝑅𝑎𝑚𝑏𝑖𝑒𝑛𝑡  =  
(𝑪𝟑−𝑪𝟐)

(𝑪𝟏−𝑪𝟑)
 × 𝑘𝑋𝑪𝟏                (Equation 1.3) 

where: 

• Rambient is the total OH reactivity with the ambient air sample 

• kX is the rate coefficient for the reaction of compound X with OH 

• C1 is the concentration of compound X measured exiting the reactor in zero air 

• C2 is the concentration of compound X in zero air after the addition of OH 

• C3 is the concentration of compound X after the addition of both OH and ambient air 

A key assumption of the CRM technique is that the system is under pseudo-first order conditions. 

Consequently, the concentration of compound X introduced into the reactor must be in large excess 

to that of OH. In the instrument developed by Sinha et al., pyrrole was used as reference compound 

X with proton transfer reaction mass spectrometry (PTR-MS) chosen as the detector. A number of 

different studies have used comparable setups,113, 130-133 with some using gas chromatography-mass 

spectrometry (GC-MS) as a detector instead of PTR-MS.134, 135  The utilisation of such techniques 

which are routinely deployed during field investigations is an advantage of the CRM technique over 

the flow tube and flash photolysis approaches which would require the use of an expensive FAGE 

setup. A further advantage of the CRM over the aforementioned alternatives is that the physical losses 
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of OH within the system do not need to be known, assuming that they are constant in zero and 

ambient air, and therefore do not need to be frequently calculated. The LOD of the technique is 

instead determined by the detection system.  

There are, however, several disadvantages of the CRM technique. Like the flow tube method, as OH 

is generated via the photolysis of water vapour, the measured reactivity rate is susceptible to 

interference from any NO introduced into the system. To overcome this issue, the concentration of 

NO would need to be simultaneously measured so that the corresponding C3 concentrations can be 

corrected as described by Michoud et al.136 An alternative approach has more recently been proposed 

by Wang et al., referred to as the improved CRM (ICRM), in which NO is introduced alongside water 

vapour into the side arm of the glass reactor within which the OH radicals are generated.132 The 

concentration of NO introduced is in excess of the concentration of HO2 generated during the 

photolysis of water vapour, ensuring that no further OH recycling occurs when the system is switched 

from zero air to ambient air. A further issue with this approach is its sensitivity to changes in humidity 

between C2 and C3, with increased humidity at either stage resulting in an increase in the 

concentration of OH radicals produced. Changes in humidity can also impact the concentration of 

the H3O+ reagent ions used in PTR-MS, with a larger degree of clustering (H3O(H2O)n
+)  observed at 

higher humidity. The formation of such clusters can impact the sensitivity of PTR-MS towards VOCs 

with different rate coefficients for reaction with H3O+ and the cluster ions, resulting in changes in the 

concentration of the reference compound X.137, 138 Consequently, efforts need to be made to ensure 

that the humidity of the zero air introduced into the system is comparable to ambient by monitoring 

the m/z 37:19 ratio at each stage. In instances in which this is not possible, a further correction factor 

would be required.136 Additional correction factors may also need to be applied to account for 

photolytic losses of the reference compound, and other photolabile trace species present within the 

ambient air sample as well. In the original design developed by Sinha et al., this could account for 

up to 25% of the observed depletion in pyrrole.129 The CRM instrument developed by Mines Douai 

(MD-CRM), however, has managed to reduce this interference down to 5% through the re-

positioning of the UV mercury lamp used to generate the OH radicals.133  

Intercomparison between the MD-CRM and the pump probe method have previously been conducted 

by Hansen et al. at the University of Lille campus, a site heavily influenced by anthropogenic NOx 

and VOC emissions.133 Initial measurements were conducted using synthetic VOC mixtures, one 

consisting of NMHCs and another containing oxygenated VOCs (OVOC), from which the CRM 

instrument was found to underestimate the OH reactivity by 39 and 53% respectively. By comparison, 

the pump probe method underestimated the reactivity of the NMHC mixture by 1% whilst tests of 

the OVOC mixture were inconclusive owing to limited measurements. During sampling of ambient 

air, the CRM instrument was found to underestimate the OH reactivity by 22% on average when 

compared to the LIF measurements. The source of the large discrepancies between the two techniques 
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was attributed to the photolytic losses of VOCs in the CRM instrument, which was later rectified by 

adjusting the position of the mercury lamp as previously discussed. No evidence was found to suggest 

any NO-dependent bias in the MD-CRM measurement after the application of a correction factor to 

account for interferences arising from the increased concentrations of OH within the system. A 

further intercomparison study was later conducted at the outdoor atmospheric simulation chamber 

SAPHIR by Fuchs et al.139 Following the modifications to the MD-CRM instrument, good agreement 

was observed with the pump-probe instrument deployed during the campaign when measuring urban 

air mixtures containing anthropogenic hydrocarbons and NOx. Poorer agreement was observed, 

however, upon the addition of low-volatility terpenoid compounds in which rates were up to a factor 

of five lower than those obtained by the pump-probe method. Whilst additional OH recycling owing 

to the chemistry of these compounds was not ruled out, losses of the OH reactants to the walls of the 

inlet line were proposed as a source of this increased discrepancy owing to the increased residence 

time and differing inlet material of the CRM instrument.      

1.5 Thesis Objectives 

It is clear that if we are to thoroughly assess the importance of Cl atoms in tropospheric oxidation 

chemistry, further constraints on the mechanisms controlling Cl chemistry are required. In particular, 

greater observational constraints of the Cl budget are required. As such, the overall aim of this thesis 

is to investigate the mechanisms by which Cl atoms and HCl are lost within the troposphere through 

a combination of instrument development, laboratory experiments and atmospheric models. The 

methods used during these investigations are described in detail in chapter 2. 

Chapter 3 investigates the feasibility of the OH reactivity instruments described in section 1.5 for the 

measurement of the total Cl reactivity. The performance of the chosen method will first be assessed 

using zero-dimensional box models to determine whether it can accurately calculate ambient Cl 

reactivity and identify any potential sources of interference. Several potential mechanisms and 

precursors for the formation of Cl radicals within the proposed instrument will also be examined. 

Chapter 4 focuses on the characterisation of the proposed total Cl reactivity instrument through the 

measurement of increasingly more complex VOC mixtures. The interferences identified in chapter 3 

will be examined through a combination of both laboratory and box model simulations to identify 

potential mitigating measures which could be adopted to minimise the impact on the calculated rate. 

The suitability of the instrument for the measurement of unknown rate coefficients will also be 

explored, which would be provide an additional application of the instrument when not deployed in 

the field. Modifications to the reactor design used in this study will also be proposed.  

Chapter 5 investigates the partitioning of HCl/pCl- during summer and winter field campaigns 

conducted at an urban background site in the UK. The measurements will be used to assess the 
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performance of a thermodynamic partitioning model, with the observations compared to previous 

studies within the literature. 

Chapter 6 summarises the findings of chapters 3-5 and provides a discussion as to the future work 

required to constrain the radical loss processes. 
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Throughout this thesis a range of different experimental techniques have been utilised, both in the 

development of a total Cl loss rate instrument, and the investigation of chloride partitioning. 

Chemical models have also been used to examine both laboratory and field measurements in these 

respective areas. This chapters serves to provide a general overview of the underlying principles of 

the main techniques that have been used. Specific details of their mode of operation is provided in 

the relevant chapters. 

2.1 Proton Transfer Reaction Mass Spectrometry 

As the name suggests, PTR-MS operates under the basis of chemical ionisation, specifically through 

proton transfer, with the technique routinely used for direct, real time analysis of trace gas species 

present in ambient air.140 In this work, the technique was used as a detector during the initial 

development stages of the total Cl loss rate instrument. PTR-MS was favoured over GC-MS for this 

application owing to the improved acquisition rate of the former, with modern commercial units 

capable of response times less than 100 ms.  

In general, the process by which PTR-MS functions can be broken down into three stages, with a 

simplified schematic of a typical unit provided in Figure 2.1. In the initial stage, humified air is 

introduced into an ion source from which the reagent hydronium ions (H3O+) are generated via 

electron impact reactions as outlined in reactions 2.1 and 2.2. 

The purity of the generated H3O+ ions exiting the ion source is typically ~ 99.5%, with nitrosonium 

(NO+) and dioxygenyl (O2
+) the only significant impurity ions regularly observed.141 Consequently, 

there is no need for a quadrupole system to pre-select the reagent ion. As such, the H3O+ ions are 

directly injected into a drift tube whereupon they are mixed with the sample flow and undergo a 

proton transfer reaction with species (M) that have a higher proton affinity than water (691 kJ/mol) 

as depicted in reaction 2.3.142  

As the main constituents of air have proton affinities lower than water, they do not undergo proton 

transfer and therefore do not unnecessarily deplete the reagent ion count. Fragmentation of the 

resulting product ion (MH+) is generally minimal owing to the low amount of excess energy that is 

produced during the proton transfer reaction. After formation, the product ions are guided towards 

the detection system by an electric field (E/N), the strength of which can be controlled by the user 

through adjustments in the pressure, temperature and potential difference across the drift tube. In 

 H2O  +  e- →  H2O+  + 2e- (Reaction 2.1) 

 H2O+ +  H2O →  H3O+ + OH (Reaction 2.2) 

 H3O+ +  M →  MH+ + H2O (Reaction 2.3) 
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general, higher E/N values result in an increased velocity of ions through the drift tube regions 

leading to reduced response times. Such conditions also reduce the rate of formation of water cluster 

products, the formation of which is depicted in reaction 2.4. It should be noted, however, that higher 

E/N values also increase the level of product ion fragmentation within the system. As such a balance 

must be struck between fragmentation and response time when choosing the operating conditions of 

the instrument.  

With respect to the detection of the product ions, traditionally PTR-MS instruments were fitted with 

quadrupole mass analysers and secondary electron multipliers (SEM), as is the case for the 

instrument used in this work. Upon leaving the drift tube, a series of ion lenses are used to guide the 

product ions towards the quadrupole mass filter. A turbopump is connected to the ion lens region in 

order to achieve a reduction in pressure between the drift tube and quadrupole regions of the 

instrument. This decrease in pressure is necessary in order to stop further reactions between the 

reagent ions and sample, whilst also minimising ion-neutral collisions which would otherwise reduce 

the transmission efficiency within the detection region. The instrument can either be operated in full 

mass scan or selection ion monitoring (SIM) mode, with the latter used in this work. In this setting 

only ions of select mass-to-charge ratios (m/z) are allowed to pass through the quadrupole, with 

filtration achieved by combining both high and low pass filters. These filters are created by the 

alteration of the radio frequency (RF) potential or RF frequency and the DC potential of the 

quadrupole respectively. Once the ion are through the quadrupole, they are then fired into a SEM 

which amplifies the signal from the product ions such that a measurable current is generated. Mixing 

ratios for the detected species are then automatically calculated within the operating software 

provided by the instrument manufacturer (Ionicon, Austria) via equation 2.1: 

[𝑀]𝑝𝑝𝑏 =  
𝐼(𝑀𝐻+)

𝐼(𝐻3𝑂+)
 
𝑇(𝐻3𝑂+)

𝑇(𝑀𝐻+)
 

1

𝑘𝑡
 
109

𝑁
        (Equation 2.1) 

where:  

• 𝐼(𝑥) is the signal intensity (measured in ion counts per second) 

• 𝑇(𝑥) is the transmission of ions 

• 𝑘 is the rate of reaction for the proton transfer between H3O+ and M 

• 𝑡 is the reaction time 

• N is the number density in the drift tube 

 

 

 H3O+ +  M →  MH.H2O+ (Reaction 2.4) 
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The number density can, in turn, be calculated using equation 2.2: 

𝑁 =  
𝑁𝐴

𝑉𝑚
 

𝑝𝑑 𝑇0

𝑝0 𝑇𝑑
                                        (Equation 2.2) 

where: 

• NA is Avogadro’s number (6.022 × 1023 mol-1) 

• Vm is the molar gas volume at standard temperature and pressure (22414 cm-3 mol-1) 

•  𝑝𝑑 is the drift tube pressure 

•  𝑝0 is atmospheric pressure (1013.25 hPa) 

• T0 is 273.15K 

•  𝑇𝑑 is the temperature of the drift tube 

It should be noted that in more recent variants of the PTR-MS instrument, time-of-flight (ToF) mass 

analysers and ion traps have been used as alternative detection systems, with the former offering 

improved mass resolution and mass range when compared to its quadrupole counterpart.   

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Simplified schematic of a PTR-MS equipped with a quadrupole mass filter. 
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2.2 Selected-Ion Flow Tube Mass Spectrometry 

A Voice200 selected-ion flow tube mass spectrometer (SIFT-MS) (Syft Technologies, New Zealand) 

was also used during the later developmental stages of the total Cl reactivity instrument discussed in 

chapters 3 and 4. A simplified schematic of this instrument is provided in Figure 2.2. In summary, 

the instrument is composed of a novel ion source region in which H3O+, NO+ and O2
+ ions are 

generated from an air/water mixture via a microwave discharge. Upon their formation, the ions are 

extracted into an upstream (relative to the sample inlet and flow tube) chamber. A series of 

electrostatic lenses directs the regent ions towards a quadrupole mass filter which can rapidly (< 1 

ms) switch between the available reagent ions to effectively enable a single measurement to 

simultaneously utilise all three reagent ions. Ions not rejected by the mass filter are then injected into 

fast-flowing inert carrier gas through a Venturi-type orifice. As with PTR-MS, the reagent ions are 

mixed with the sample within the flow tube region. The various reagent ions react differently with 

the sample gas molecules resulting in the formation of differing association and fragmentation 

patterns. The proton transfer process of H3O+ operates under the same basis as described earlier for 

PTR-MS. By comparison, the reactions of NO+ with organic molecules are much more varied. These 

can be summarised as charge transfer processes (reaction 2.5), hydride ion transfer (reaction 2.6), 

hydroxide ion transfer (reaction 2.7), alkoxide ion transfer (reaction 2.8) and ion molecule 

association (reaction 2.9), although typically an organic species will only react with NO+ via one of 

these routes.143 

As the ionisation energy of O2
 is greater than most organic molecules, their reaction with O2

+ proceeds 

either via non-dissociative charge transfer (reaction 2.10) or through dissociative charge transfer 

resulting in the formation of fragment ions.  

Product ions, and remaining precursor reagent ions, are sampled through a small pinhole orifice 

located downstream of the flow tube into a differentially-pumped quadrupole mass filter. As with the 

PTR-MS described above, the quadrupole was operated in SIM mode in this work, with the filtered 

ions detected using an electron multiplier and pulse counter. Concentrations were calculated in real 

 NO+ +  M →  M+ + NO (Reaction 2.5) 

 NO+ +  MH →  M+ + HNO (Reaction 2.6) 

 NO+ +  MOH →  M+ + HNO2 (Reaction 2.7) 

 NO+ +  MOR →  M+ + RNO2 (Reaction 2.8) 

 NO+ +  M →  NO+M  (Reaction 2.9) 

 O2
+ +  M →  M+ + O2

  (Reaction 2.10) 
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time based on the precursor ion to product ion ratio, and the known reaction rate between the two, 

using equation 2.3: 

 [𝑀] = 𝛾 ×  
[𝑀+]

[𝑅+] 𝑡 𝑟
       (Equation 2.3) 

where: 

• γ is the instrument calibration factor 

• [M+] is the product ion concentration 

• [R+] is the reagent ion concentration 

• 𝑡 is the reaction time 

• k is the rate coefficient for reaction between the reagent ion and M 

It should be noted that whilst the generation of multiple reagent ions can be useful with respect to 

obtaining structural information of a sample gas molecule, the efficiency with which these are 

generated is poorer than that of H3O+ in PTR-MS, resulting in elevated limits of detection (LOD).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Simplified representation of the Voice200 SIFT-MS used in this work. 
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2.3 HCl Tunable Infrared Laser Direct Absorption Spectroscopy 

HCl measurements used in chapter 5 of this thesis were obtained using a HCl-TILDAS instrument 

(Aerodyne Research Inc, Billerica, MA, United States) by Dr John Halfacre of the University of York. 

As previously discussed in section 1.3.3, the underlying principle of the TILDAS technique is 

infrared absorption spectroscopy, with a simplified schematic of the instrument provided in Figure 

1.3. To generate the necessary infrared radiation, the TILDAS is fitted with an inter-band cascade 

laser. To transform the broad output from the laser into a narrow beam, the output is first collected 

by an objective and subsequently focused through a flip-in pinhole which is only in position during 

the laser alignment process. After focusing, the beam in the reimaged into a multi-pass, astigmatic 

Herriott cell, with the output directed to a thermoelectrically cooled detector. By using a multi-pass 

absorption cell, the effective pathlength within the TILDAS is 204 m. Such a pathlength is necessary 

owing to the low ambient concentrations of HCl, and thus the need for high detection sensitivity.  

In order to determine the concentration of HCl within the sampled air flow, the infrared radiation is 

used to probe the strong absorption line at 2925.89645 cm-1 corresponding to the 1-0 rovibrational 

band of the molecule.106, 144 To achieve this, the instrument software (TDLWintel) scans over a 

spectral window of 2925.80 to 2926.75 cm-1 which is found via the strong absorption bands 

belonging to other spectrally close absorbers such as water and CH4. Line widths and strengths for 

the measured species are based upon the HITRAN 2016 database.145 For each measurement, the 

instrument software produces a spectral fit based on these HITRAN parameters, as well as the 

pressure and temperature within the system to account for any pressure broadening and changes in 

the rovibrational state population respectively. The HCl mixing ratio can then be determined by the 

instrument software using the Beer-Lamber Law (equation 2.4):  

𝐼(𝜐) =  𝐼0(𝜐) exp[−(𝑙 𝑁0(𝑃, 𝑇) 𝑀 𝑆(𝜐, 𝑃, 𝑇))]       (Equation 2.4) 

where: 

• I is the transmitted light intensity as a function of laser frequency 

• I0 is the intensity of the light output as a function of laser frequency 

• l is the absorption path length 

• N0 is the molecular number density as a function of pressure and temperature 

• M is the mixing ratio of HCl 

• S is the line strength as a function of frequency, pressure and temperature 
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Figure 2.3. Simplified representation of the HCl-TILDAS instrument. 

2.4 ISORROPIA II 

The thermodynamic equilibrium model ISORROPIA II, developed by Fountoukis and Nenes for the 

investigation of the K+ – Ca2+ – Mg2+ – NH4
+ – Na+ – SO4

2− – NO3
− – Cl− – H2O aerosol system,146 

was used to explore the gas-particle partitioning of chloride in chapter 5. The model can be operated 

in two different modes, denoted as “forward” and “reverse” mode. With respect to the former, the 

user supplies the total (gas and particulate) concentrations of the aforementioned species, along with 

RH and temperature, which the model subsequently partitions into the gas and particulate phase 

under the assumption of thermodynamic equilibrium within the system. By contrast, in reverse mode, 

the same calculations are conducted although only the particulate concentration of the investigated 

species is supplied. To achieve this, the model must first identify the major species that are potentially 

present within the system and thereby the equilibrium reactions of interest. In this work, the model 

was initiated without crustal species (Ca2+, K+, Mg2+). As a result, identification of species of interest 

was achieved through the calculation of the following two ratios: 

 𝑅𝑆𝑂4
=

[𝑁𝑎+] + [𝑁𝐻4
+]

[𝑆𝑂4
2−]

       (Equation 2.5) 

 𝑅𝑁𝑎 =
[𝑁𝑎+]

[𝑆𝑂4
2−]

                   (Equation 2.6) 

where: 

• [X] denotes the concentration of an aerosol precursor X (mol m-3 of air) 

•  𝑅𝑆𝑂4
 is the SO4

2− ratio 

•  𝑅𝑁𝑎 is the Na ratio 
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The values of 𝑅𝑆𝑂4
 and 𝑅𝑁𝑎 are used by ISORROPIA in order to classify the type of aerosol system 

which is being modelled. In instances in which 𝑅𝑆𝑂4
 < 1, the system is defined as being SO4

2−  rich, 

with some of this SO4
2− existing in the form of free H2SO4. Whilst the system is still classified as 

being SO4
2− rich when 1 ≤  𝑅𝑆𝑂4

 < 2, there is enough NH3 and Na present to partially neutralise the 

SO4
2− which prevents the formation of H2SO4 within the model. Once 𝑅𝑆𝑂4

 ≥ 2, there is sufficient 

NH3 and Na present to fully neutralise the SO4
2− leading to the system being classified as SO4

2− poor. 

Such systems are then further classified as being Na rich or poor. The former arises when 𝑅𝑁𝑎 ≥ 2 

and indicates that there is sufficient Na to fully neutralise the SO4
2−. In such instances excess NH3 

and Na can react with the other gaseous species within the system (HCl and HNO3) to form salts, 

whilst no (NH4)2SO4 is predicted. By contrast, the system is classified as Na poor when 𝑅𝑁𝑎 < 2, 

indicating that both NH3 and Na are required to neutralise the SO4
2-. It therefore follows that only 

excess NH3 is available to react with the other gasses within the system. Table 2.1 summarises the 

possible species for each regime.  

Table 2.1. Summary of the four aerosol types and the associated possible species predicted by ISORROPIA II 

when initialised without crustal species.147 

SO4
2− ratio Na ratio Aerosol type Solid species Aqueous Ions Gases 

𝑹𝑺𝑶𝟒
 < 1 Any value SO4

2− rich 

(free HNO3) 

NaHSO4, 

NH4HSO4 

Na+, NH4
+, H+, 

HSO4
−, SO4

2−, 

NO3
-, Cl-- 

HNO3, HCl, H2O 

1 ≤  𝑅𝑆𝑂4
 < 2 Any value SO4

2− rich NaHSO4, 

NH4HSO4, 

Na2SO4, 

(NH4)2SO4, 

(NH4)3H(SO4)2 

Na+, NH4
+, H+, 

HSO4
−, SO4

2−, 

NO3
-, Cl-- 

HNO3, HCl, H2O 

𝑅𝑆𝑂4
 ≥ 2 𝑅𝑁𝑎 < 2 SO4

2− poor   

Na poor 

Na2SO4, 

(NH4)2SO4, 

NH4NO3, NH4Cl 

Na+, NH4
+, H+, 

HSO4
−, SO4

2−, 

NO3
-, Cl-- 

HNO3, HCl, NH3, 

H2O 

𝑅𝑆𝑂4
 ≥ 2 𝑅𝑁𝑎 ≥ 2 SO4

2− poor   

Na rich 

Na2SO4, NaNO3, 

NaCl, NH4NO3, 

NH4Cl 

Na+, NH4
+, H+, 

HSO4
−, SO4

2−, 

NO3
-, Cl-- 

HNO3, HCl, NH3, 

H2O 

 

Below the mutual deliquescence relative humidity (MDRH) of an aerosol system, the point it which 

all salts are simultaneously saturated, the particulate phase can be considered a solid. In instances in 

which the RH over a wet particle is decreasing, it is, however, possible for the wet aerosol to not 

undergo crystallisation below the MDRH. In such an instance, the aerosol can be considered to exist 

in a metastable state in which it consists of an aqueous supersaturated solution. Both scenarios can 
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be simulated by the user by initiating the model in either “stable” or “metastable” mode, providing 

an additional constraint on the potential species within the system.  

Once the species of relevance have been identified, the model then calculates the relevant equilibrium 

reaction constants as expressed by equation 2.7: 

𝐾(𝑇) = 𝐾0 exp [ − 
∆𝐻0(𝑇0)

𝑅𝑇0
 (

𝑇0

𝑇
− 1) −  

∆𝑐𝑝
0

𝑅
 (1 + 𝑙𝑛 (

𝑇0

𝑇
) −  

𝑇0

𝑇
 ) ]       (Equation 2.7) 

where: 

• K is the equilibrium constant 

• T is the temperature of the system 

• T0 is the reference temperature (typically 298.15 K) 

• K0 is the equilibrium constant at T0  

• Δ H 0(T0) is the standard enthalpy change at T0  

• ∆𝑐𝑝
0 is the change of heat capacity at T0 

• R is the ideal gas constant 

By combining the resulting equilibrium reaction constants with the calculated activity coefficients 

and water activity (equivalent to ambient RH), and maintaining electroneutrality and mass 

conservation within the system, the equilibrium concentrations of the investigated species in the gas, 

solid and liquid phase are obtained.  

 

 

 

 

 

 

 

 

 

 

 



45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 Development of a Cl-CRM 

Instrument 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3  

 

Development of a  

Cl-CRM Instrument 



46 

 

3.1 Introduction 

3.1.1 Importance of Measuring Cl Loss Rates  

To fully understand tropospheric Cl chemistry an understanding of Cl-atom sinks, and thus loss rates, 

is required alongside an understanding of its sources; with the accuracy of atmospheric chemistry 

models dependent on how well these two terms and their associated reaction mechanisms can be 

represented. In comparison to OH, of which global mean concentrations are estimated to be 0.7 – 1.5 

× 106 molecules cm-3,22 estimations of Cl-atom concentrations span over two orders of magnitude 

(102 – 104 atoms cm-3)23-27 making it difficult to assess its importance as a tropospheric oxidant. In 

part, such a large degree of uncertainty in this concentration arises from the large spatial variability 

in the concentration of reservoir species, with Cl-atom concentrations highest in polluted coastal 

environments owing to elevated levels of SSA, NOx and acidic gases. By contrast, O3 concentrations, 

whilst still displaying some spatial variability, is typically more abundant than chlorine reservoir 

species leading to a narrower range in the global mean OH concentration. A further factor which 

contributes to the increased uncertainty in the concentration of Cl-atoms is a lack of field 

observations, as there is currently no observational technique that will enable direct measurement of 

the low levels of Cl-atoms within the troposphere to be recorded. As a result of the short atmospheric 

lifetime of the radical however, the concentration of Cl-atoms can be considered to exist within 

steady state, as previously described in chapter 1, such that: 

 
𝑑[𝐶𝑙]

𝑑𝑡
=  Σ𝑃𝐶𝑙 − 𝑘𝐶𝑙

′ [𝐶𝑙] = 0         (Equation 1.1) 

where:  

• Σ𝑃𝐶𝑙 is the total rate of Cl-atom production,  

• 𝑘𝐶𝑙
′

 is the total loss rate of Cl-atoms,  

• [Cl] is the concentration of Cl at steady-state.  

Therefore the simultaneous deployment of instruments capable of measuring both Cl sources and 

sinks would provide a means by which atomic Cl concentrations can be determined within the field, 

providing a significant improvement on our estimation of localised concentrations and overcoming 

the need for a direct measurement technique. 

In addition to the above, the measurement of Cl loss rates also offers insight into the widely reported 

difference between the measured and expected OH reactivity that has been published within the           

literature.113, 148-153 Typically this ‘missing’ reactivity has been made up to account for 40-50% of the 

measured OH loss rate, with Figure 3.1 outlining the typical contributing factors to OH reactivity as 

obtained by Dolgorouky et al in Paris.113 The source of this missing reactivity is uncertain, with some 

studies suggesting it is the result of missing emissions of temperature dependent biogenic volatile 

organic compounds (BVOCs) and others suggesting it is through reaction with oxidation products of 
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known VOCs, with the uncertainty reduced when modelled oxidation products are considered. Due 

to the differing reactivities of OH and Cl with different classes of VOC, for example the increased 

reactivity of Cl towards alkanes,36 the simultaneous deployment of an OH and Cl reactivity 

instrument would allow the missing reactivities of both radicals to be compared. Such an 

intercomparison would therefore provide a useful constraint to diagnose the type of compound(s) 

that are not currently being accounted for.     

 

Figure 3.1. Contribution of the ‘missing’ reactivity fraction on the total measured OH reactivity during the 

2010 MEGAPOLI winter campaign, Paris.113 

3.1.2 Comparative Reactivity Measurements  

Whilst the direct measurement of sink species is possible using existing techniques, the measurement 

of radical loss rates to calculate the total Cl-atom sink is more challenging. As discussed in chapter 

1 however, methods have previously been developed to measure the total OH reactivity and generally 

fall into one of two categories:  

• The concentration of OH is measured at different time intervals following reaction with trace 

species present in ambient air using a suitable detection method such as LIF.149, 150 From the 

resulting exponential decay in the concentration of OH, a reactivity rate can be calculated. 

 

• The concentration of a reference VOC, a compound introduced into the system which is not 

naturally abundant, is monitored following its reaction with OH. By modulating between 

ambient and zero air flows through the system, an ambient OH reactivity rate can be 

calculated.113, 129, 151, 152 

Whilst the use of resonance fluorescence to monitor the decay of Cl is possible, such a technique 

would require high levels of Cl-atoms to be generated and would therefore either require a highly 
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efficient method for generating Cl, or high concentrations of the precursor species from which it is 

formed. Furthermore, such an approach would be difficult to conduct in air owing to both O2 and 

H2O absorbing vacuum ultraviolet (VUV) light within the range required to excite Cl-atoms (133-

138 nm).154 These factors, coupled with the difficulties in making the resonance fluorescence lamp 

associated with the measurements, mean that the use of the CRM technique is preferred. It should be 

noted, however, that this approach is not without its own disadvantages. One such issue, as discussed 

in chapter 1, is the potential for interference from secondary radical species that may react with the 

reference compound or with Cl itself. To ascertain just how significant such secondary chemistry 

may be on the calculated reactivity rate, the development of box models to simulate the proposed Cl-

CRM instrument would be required. Another disadvantage of the technique is the difficulty to 

conduct such measurements under kinetically-controlled pseudo-first order conditions, in which the 

concentration of the monitored VOC is in large excess of the Cl-atoms. Deviation from such 

conditions has been reported to result in significant systematic error at low reactivity, resulting in 

non-linear responses.129 Using low concentrations of Cl would, however, make it difficult to measure 

a depletion in the reference compound. By contrast, using higher concentrations of Cl would require 

elevated concentrations of the reference VOC to be used which may pose detection issues in itself. 

As such, box model simulations will also be required in order to identify the ideal [reference VOC] : 

[Cl] ratio for use in this work and any necessary correction factors which may need to be applied to 

the measured reactivity rate.  

3.1.3 Chapter Objectives 

Adopting a similar approach to the work conducted by Sinha et al., the work presented in this chapter 

outlines the development stages of a Cl-CRM instrument for the measurement of the total Cl loss 

rate.129 Previous work conducted by Boothroyd et al. had led to the development of a radiofrequency 

plasma Cl-atom source which utilised Cl2 as precursor species.155 It was found, however, that this 

method of generating Cl-atoms also resulted in the formation of additional radicals such as OH, O 

and NO from impurities present in Cl2 cylinders. As discussed earlier, such radicals have the potential 

to interfere with the calculated reactivity rate, either by directly reacting with the reference VOC, or 

by out-competing Cl for reaction with species present in ambient air. It therefore follows that such a 

source of Cl-atoms would not be suitable for use in the proposed Cl-CRM instrument. Consequently, 

this chapter will explore the suitability of several different Cl-atom sources that could be used instead. 

Once a suitable precursor has been identified, characterisation of the resulting CRM instrument will 

then be achieved by comparing measured reactivity rates of a single VOC species against rates 

derived from the literature rate coefficients. 
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3.2  Methods 

3.2.1 Comparative Reactivity Measurements  

As has briefly been discussed earlier in this chapter and in chapter 1, the CRM technique is similar 

in principle to a relative rate experiment. Reactivity measurements are deduced based upon observed 

changes in the concentration of a reference VOC, herein referred to as compound X, as opposed to 

the concentration of the radical species of interest. As such, no optical techniques (e.g. LIF) are 

required to directly measure the concentration of Cl. The process of a rate measurement through this 

technique can be broken down into three stages which are outlined in Figure 3.2. Initially, compound 

X is introduced into a reactor in a flow of zero air, with the concentration of the species monitored 

from the outgoing airflow. Once this initial concentration is well established, Cl-atoms are then 

generated and introduced into the reactor, leading to an observed depletion in the concentration of X 

following the reaction of the two species. Assuming that no other radical species are generated during 

this process, the change in concentration of X should be equivalent to the concentration of Cl-atoms 

within the reactor. In the final stage, the zero air flow through the reactor is switched to ambient air. 

Such a switch introduces new trace species into the reactor which can compete with X for reaction 

with the limited Cl-atoms, leading to an increase in the concentration of X.  

 

 

 

  

 

 

 

Figure 3.2. Schematic representation of the concept of rate measurement process of the CRM technique 

where X denotes a reference VOC. 

By monitoring the changes in the concentration of compound X at each stage of the measurement 

process, an expression can be derived for the total reactivity of Cl with the trace gases present in the 

ambient air sample (Rambient). A derivation of how this calculation can be achieved is given below. In 

the subsequent equations, C1 denotes the initial concentration of compound X, C2 represents the 

concentration of X upon reaction with Cl(g) in zero air, and C3 represents the concentration of X 

following reaction with Cl(g) in ambient air. 

During the measurement, there are two competing Cl initiated reactions to consider:  

X in zero air 

(C1) 

X + Cl(g)  in 

 zero air 

(C2) 

X + Cl(g) in 

 ambient air      

(C3) 

[X] 

Time 
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From these reactions the following rate expression can be drawn: 

- δ[Cl(g)]/dt = kX [Cl(g)] [X] + Rambient [Cl(g)]    (Equation 3.2)       

where:  

• kX represents the rate coefficient for the reaction of Cl(g) with X,  

• Rambient is the sum of all kVOC [VOC] terms for the ambient air sample.  

Assuming that [X] >> [Cl(g)], the reactions can be treated as pseudo first-order. As a result the rate 

coefficients for the reaction of Cl(g) with X is given as RX = kX [X].  

If all of  the Cl(g) is consumed via reaction with X and the trace species present in the air sample, the 

change in concentration of X (C1 – C3) can be approximated as: 

 (C1 - C3)= 
RX

RX + Rambient
 × [𝐶𝑙(𝑔)]         (Equation 3.3) 

As change in concentration of X from the C1 to C2 stage is equivalent to the concentration of Cl-

atoms generated within the system, C1 – C2 can be used in place of [Cl(g)]. Substitution of this yields 

equation 3.4, from which equation 3.5 can be obtained following rearrangement: 

 (C1 - C3)= 
RX (𝐶1−𝐶2)

RX + Rambient
                          (Equation 3.4) 

 Rambient = {
(C1 - C2)

(C1 - C3)
-1}  × RX                (Equation 3.5) 

Since C1 is the initial concentration of X, this is equivalent to equation 1.3 which will be used herein 

to derive the measured reactivity rates. 

 𝑅ambient  =  
(𝑪𝟑−𝑪𝟐)

(𝑪𝟏−𝑪𝟑)
 × 𝑘𝑋𝑪𝟏               (Equation 1.3) 

 

 

 

 

 

 Cl(g) + X(g) → products (Reaction 3.1) 

 Cl(g) + ambient → products (Reaction 3.2) 
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3.2.2 Box Model Simulations 

Zero-dimensional box models were used to simulate the chemical reactions occurring within the Cl-

CRM reactor. Model development was conducted using the AtChem2 modelling toolkit.156 Cl-atom 

initiated oxidation mechanisms of C1-14 alkanes were taken from the Master Chemical Mechanism 

(MCM, v3.3.1).157, 158 The MCM contains the near-explicit degradation of 143 primary emitted VOCs 

in the troposphere, resulting in 17,500 reactions and 6,900 species. Rate coefficients used within the 

mechanism are obtained, where possible, through available experimental measurements.159, 160 In 

instances where such kinetic data is unavailable, rate coefficients are estimated using structural 

activity relationships.161  

For other functionalities of interest, primary reactions were obtained from a variety of sources which 

were combined, where possible, with the breakdown chemistry of secondary products as described 

by the MCM. Several inorganic reactions identified as being of potential importance within the Cl-

CRM setup were also incorporated within the models and are given in Table 3.1. All model 

simulations within this chapter were initialised with a defined concentration of Cl-atoms to mimic 

radical production prior to the introduction of the reference VOC and sample. Simulations were 

conducted over a period of 1 second to ensure complete consumption of the Cl-atoms, and to 

incorporate potential residence within sample lines prior to detection. Models were initialised with 

the ‘roof’ closed so as to eliminate any photolytic processes, and a temperature and pressure of 298.15 

K and 1013.25 mbar respectively.  

Table 3.1. Summary of the inorganic reactions involving atomic Cl and additional reactions considered to be 

of importance included in the chemical mechanism. 

Reaction k / cm3 molecules-1 s-1 Source 

Cl + O3 → ClO + O2 2.8 × 10-11 × exp(-250/T) 57 

Cl + HO2 → HCl + O2 3.5 × 10-11  57 

Cl + HO2 → ClO + OH 7.5 × 10-11 × exp(-620/T) 57 

Cl + H2O2 → HCl + HO2 1.1 × 10-11 × exp(-980/T) 57 

Cl + NO3 → ClO + NO2 2.4 × 10-11  57 

Cl + ClONO2 → Cl2 + NO3 1.1 × 10-11 × exp(-980/T) 57 

 

3.2.3 Proton Transfer Reaction Mass Spectrometry 

PTR-MS (Ionicon, Austria) was initially utilised for monitoring the reference VOC concentration 

during the early design stages of the Cl-CRM reactor. A description of the underlying principles of 

the technique has already been provided in section 2.1 and will therefore not be discussed here. The 

instrument used in this work consists of a quadrupole mass filter (Pfeiffer Vacuum QMA 400) 

connected to a secondary electron multiplier (Pfeiffer Vacuum QMA 400), which in turn is coupled 

to an ion count pre-amplifier (Pfeiffer Vacuum SEM-217) for the detection of reagent and product 
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ions within the system. Drift tube conditions were maintained at a temperature of 70 °C and a voltage 

of 590 V throughout the measurement period. A constant 5.5 standard cubic centimetres per minute 

(sccm) flow of water vapour, controlled by a mass flow controller (MFC), was passed into the ion 

source to generate the H3O+ reagent ions. Such a flow rate was used in order to minimise the 

formation of H3O+(H2O)n clusters, which were monitored over the course of the experiments and 

kept below 1% of the H3O+ level. At the start of each measurement, the system was initially left to 

stabilise for 20 minutes under ambient air. The molecular ion of the reference VOC, [M+H]+, was 

monitored over the course of the experiment. Product ions were not considered as part of this work. 

3.2.4 Selected-Ion Flow Tube Mass Spectrometry 

A Voice200 SIFT-MS instrument (Syft Technologies, New Zealand) was used in place of PTR-MS 

for the measurement of the reference VOC during the later developmental and characterisation stages 

of the Cl-CRM instrument. A detailed description of the underlying principles of the technique has 

already been provided in section 2.2. With respect to the operating conditions used in this work, the 

microwave discharge was held at a pressure of 440 mTorr and a 40 mW current. The flow tube was 

operated at a temperature of 120 °C, a pressure of 460 mTorr and a voltage of 25 V. All measurements 

were conducted using a N2 carrier gas flow. Calibration of the instrument was achieved using a 1 

parts per million volume (ppmv) 14-component VOC gas standard (National Physical Laboratory, 

United Kingdom). These components include: methanol, ethanol, acetonitrile, acetone, isoprene, 

butanone, 2-butanone, benzene, toluene, m-xylene, 1,2,4-trimethylbenzene, 1,3-butadiene, n-octane, 

n-nonane, n-decane and n-dodecane. 

3.3  Modelling of the Cl-CRM Instrument Conditions 

3.3.1 Identification of a Suitable Reference VOC 

As outlined by Sinha et al.,129 there are several criteria which a VOC must meet in order to be suitable 

for use as reference compound in a CRM study. First, it should not be present at detectable levels 

within ambient air so as to avoid complications during analysis. Secondly, the VOC should have the 

physical and chemical properties required for easy and accurate detection, in this case by either PTR-

MS or SIFT-MS. A well-established rate coefficient for reaction with chlorine is also required. If 

possible, a preference for reactivity with chlorine over other oxidants, such as OH, would also be 

favourable so as to avoid interference from any by-products of Cl-atom formation or additional 

secondary chemistry which may occur within the experimental setup. 

In the OH-CRM instrument developed by Sinha et al.,129 pyrrole was used as a reference compound 

due to its low natural abundance and well known OH-reactivity. An additional benefit of the use of 

pyrrole is the inclusion of a nitrogen atom within its structure, resulting in an even mass of 68 upon 

protonation with PTR-MS. As most organic species present in ambient air generate molecular ions 

with odd masses when protonated, the likelihood of measuring ions isobaric to pyrrole during field 
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measurements is reduced. The use of pyrrole within this work, however, is not possible as a rate 

coefficient for its reaction with Cl has not been published in the literature. By extension, there are a 

limited number of reactivity rate measurements which have been conducted for other nitrogen-

containing VOCs. As such, a review of the literature was required in order to identify a suitable 

candidate for application in the Cl-CRM setup. One group of compounds investigated were 

deuterated VOCs, with their mass offset when compared to their non-deuterated counterparts 

reducing the likelihood of measuring an isobaric compound when in the field. OVOCs were also 

considered during the short-listing process as kinetic studies of their reactivity with Cl is more 

commonly conducted. Table 3.2 summarises the compounds which were shortlisted based on the 

above criteria. 

Table 3.2. kCl and kOH (298 K) of potential reference compounds in CRM experiments.  

Compound kCl / cm3 molecules-1 s-1 kOH / cm3 molecules-1 s-1   
𝒌𝐂𝐥

 𝒌𝐎𝐇
 Reference 

Ethanol-1, 1-d2 

CH3CD2OH 

5.35 × 10-11 1.62 × 10-12 33 162, 163 

2-methylpropane-2-d1 

(CH3)3CD 

1.12 × 10-10 1.37 × 10-12 82 164, 165 

Methanol-d3 

CD3OH 

3.80 × 10-11 4.50 × 10-13 84 166, 167 

Ethanol-OD 

CH3CH2OD 

1.13 × 10-10 3.32 × 10-12 34 163, 168 

Diethyl ether 

(C2H5)2O 

2.57 × 10-10 1.32 × 10-11 19 169, 170 

 

To determine which of the shortlisted reference compounds would be most suitable, box simulations 

were conducted in AtChem to determine how accurately the CRM technique could calculate the rate 

of reactivity when utilising each VOC as the reference compound. C3H8 was used within the 

simulations as a source of Cl reactivity (kCl = 1.4 × 10-10 cm3 molecules-1 s-1),15 with its concentration 

adjusted between runs to give a reactivity range of 50 – 500 s-1 (n = 10). Whilst such a range 

encompasses the expected atmospheric range within polluted environments,36 the upper limit far 

exceeds previously reported reactivities and has been chosen to test the upper limits of the CRM 

technique. Each measurement was repeated at elevated reference VOC concentrations to identify the 

ideal reference : Cl ratio for use in the experimental setup. Primary chemistry was only considered 

within the model due to the high uncertainty in the kinetics associated with the subsequent breakdown 

of secondary products. Furthermore, due to the high reactivity of Cl with C3H8 and the reference 

VOC, it is likely that these primary reactions represent the dominant fate of Cl within the system. As 

such, it is expected that the absence of secondary chemistry within the model runs is unlikely to have 
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a significant impact on the calculated reactivity rates under experimental conditions. The resulting 

model derived reactivity rates were plot against the rates derived from literature rate coefficients, 

with linear regression analysis conducted to determine the performance of each reference compound. 

An example of such a plot is given in Figure 3.3 for diethyl ether ((C2H5)2O), with a summary of the 

fitting parameters obtained for all of the investigated reference compounds provided in Table 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Performance of the CRM technique to calculate C3H8 reactivity using (C2H5)2O as the reference 

VOC under various [reference VOC] : [Cl] ratios. Values in the y-axis denote model derived CRM reactivity 

rates whilst the x-axis represents the calculate rate from literate rate coefficients. The dashed line represents 

unity between the two variables. conditions. 
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Table 3.3. Fitting parameters obtained between Rtrue and RCRM based on AtChem simulations of the proposed 

reference VOCs use in CRM experiments to measure C3H8 reactivity. Fitting is of the form y = mx + c.  

Compound X : Cl m c 

CH3CD2OH 2:1 0.990 -10.9 

 3:1 0.987 -9.0 

 5:1 0.984 -6.6 

 10:1 0.982 -3.8 

(CH3)3CD 2:1 0.995 -2.5 

 3:1 0.994 -1.9 

 5:1 0.994 -1.2 

 10:1 0.995 -0.5 

CD3OH 2:1 0.990 -14.3 

 3:1 0.987 -12.2 

 5:1 0.983 -9.49 

 10:1 0.979 -5.93 

CH3CH2OD 2:1 0.995 -2.4 

 3:1 0.994 -1.8 

 5:1 0.994 -1.1 

 10:1 0.995 -0.5 

(C2H5)2O 2:1 1.022 +6.7 

 3:1 1.022 +4.4 

 5:1 1.019 +2.4 

 10:1 1.014 +0.9 

 

From the AtChem simulations it is clear that operating the system under pseudo first-order conditions 

has a significant impact on the accuracy of the CRM rate. This is represented by a reduction in the 

offset of the y-axis intercepts of the linear fits from the origin as the reference : Cl(g) ratio is increased. 

Interestingly however, there is no scenario in which a y-axis intercept of 0 is obtained – an intercept 

that would be expected as there should be no change in the C2/C3 concentrations when no additional 

sources of reactivity are added to the system. This observation occurs despite all of the Cl-atoms 

generated in the system being consumed in both the C2 and C3 stages. As such, this artefact does not 

arise as a result of the model being run for an insufficient amount of time. Furthermore, as wall losses 

are not considered within the simulations they cannot explain the observed discrepancies. Similarly, 

as the model is initialised with fixed concentration of all three species, issues surrounding mixing are 

also an unlikely source. It is interesting to note, however, that the use of (C2H5)2O as the reference 

VOC leads to an overestimation of the C3H8 reactivity within the system, as represented by a gradient 

greater than 1 for the corresponding linear fit. By contrast, all of the other reference VOCs 
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underestimate this reactivity – indicating that the rate coefficient of the reference VOC relative to the 

sample may also be important in determining the accuracy of the CRM technique.  

3.3.2 Exploring the Literature – CRM Rate Offset 

To further explore the modelled discrepancy between the literature derived rate and that obtained 

using the CRM technique, additional AtChem simulations were conducted utilising (C2H5)2O as the 

reference VOC. Each model run was initialised with 35 ppbv of Cl(g) (representative of the mixing 

ratio required to yield a depletion in the reference compound from which discernible changes 

between the C2 and C3 stage could be measured for a range of reactivities), with the concentration 

of (C2H5)2O scaled to assess the importance of the [reference VOC] : [Cl] ratio on the magnitude of 

the discrepancy. Simulations were initially conducted using C3H8 as a gas standard and then repeated 

with isoprene (C5H8) to explore the relationship between the sample and reference VOC rate 

coefficients on the nature of the discrepancy. The results of these simulations are presented in Figure 

3.4(a). Whilst it is clear that deviation from pseudo first-order conditions plays a part in the observed 

offset, it is interesting to note that even under a regime in which the concentration of the reference 

VOC is two orders of magnitude greater than that of Cl(g), a discrepancy between the two rates is still 

observed. As such it is clear that non-pseudo first-order conditions are not the sole contributor to this 

artefact. It is also interesting to note that the CRM technique leads to an overestimation of the rate 

for C3H8, yet underestimates the rate of reaction for C5H8 despite both VOCs being initialised with 

concentrations that yield comparable reactivities (343.47 and 312.43 s-1). Such an observation would 

suggest that in instances in which the rate coefficient of the sample gas is greater than that of the 

reference VOC, as is the case with C5H8 in these models (kCl = 4.07 × 10-10 cm3 molecules-1 s-1), the 

CRM technique underestimates the reactivity rate, whilst the inverse is true when the rate coefficient 

is lower. This is consistent with the observations reported in Table 3.3 in which all of the potential 

reference VOCs (other than (C2H5)2O) had rate coefficients lower than that of C3H8 and resulted in 

an underestimation of the rate when applying the CRM calculation, as reflected by gradients lower 

than 1. To probe whether this was an artefact specific to the CRM technique or to relative rate 

measurements as a whole, the results obtained from the C3H8 simulations were then analysed using 

the relative rate formula: 

ln
[Sample]t

[Sample]t=0
=

𝑘a

𝑘b
 ln

[Reference]t

[Reference]t=0
        (Equation 3.6)   

Where: 

• [Sample]t = 0 and [Sample]t are the concentrations of the sample at the start and end of the 

measurement  

• [Reference]t = 0 and [Reference]t are the concentrations of the reference VOC at the start and 

end of the measurement  
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• ka and kb are the rate coefficients for the reaction of the sample and the reference VOC with 

Cl respectively 

As depicted in Figure 3.4(b), the rate obtained using equation 3.6 was in good agreement with that 

obtained from the literature rate coefficients across the range of [reference VOC] : [Cl] ratios 

investigated, indicating that this discrepancy must arise from one of the assumptions of the CRM 

calculation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. (a) Discrepancy between the CRM and literature derived rates for the reaction of Cl with C3H8 

and C5H8 using (C2H5)2O as a reference VOC. (b) Comparison of the performance of the CRM to the relative 

rate technique in calculating the reactivity rate for C3H8. 
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To explore if this discrepancy arises solely from the difference in rate coefficients of the sample and 

the reference VOC, or if it is due to the difference in reaction rates, several simulations were 

conducted in which both species were set to react with Cl(g) at equal rates. In each simulation, the 

rate coefficient for the reaction of the sample VOC was adjusted to investigate the impact of ksample : 

kreference on the CRM derived rate, with the concentration of the sample adjusted to ensure the 

theoretical rate of reaction was consistent between runs. Each model run was again initialised with 

35 ppbv of Cl(g) and 175 ppbv of (C2H5)2O to yield a reference VOC : Cl ratio of 5:1. As can be seen 

in Figure 3.5, the discrepancy between the CRM derived rate and the literature rate follows a strong 

linear relationship. In instances in which the rate coefficient of the sample was lower than that of 

(C2H5)2O, an overestimation of the rate was obtained – as observed during the simulations with C3H8. 

Interestingly, in the instance in which both species had the same rate coefficient, there was no 

discrepancy observed between the literature and the CRM rate. Such an observation indicates that 

the rate of change in the concentration of the two species plays a key role in determining the 

magnitude of difference between the theoretical and CRM derived rates.  

 

 

 

 

 

 

 

 

Figure 3.5. Discrepancy between the CRM and literature derived rates as a function of the ratio of the sample 

and (C2H5)2O rate coefficients of reaction with Cl. 
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the source of the observed discrepancy. For example, in instances in which the sample has a lower 

rate coefficient than the reference VOC, the concentration of the reference compound initially 

decreases at a greater rate. Overtime, this results in the rate of reaction of Cl with the reference 

compound decreasing. Consequently, the difference in reactivity between the reference VOC and the 

sample decreases, resulting in in a larger proportion of the Cl-atoms reacting with the sample then at 

the start of the reaction. This ultimately results in a C3 concentration which is larger than expected, 

leading to the overestimation of the reaction rate within the system as has been observed above. By 

contrast, the inverse is true in instances in which the rate coefficient of the sample is greater than the 

reference VOC. Such an artefact is not observed in conventional relative rate experiments as the 

concentration of both the reference and sample are required to derive the reactivity rate. It therefore 

follows that a correction factor would be required both to account for this artefact and the operation 

of the CRM instrument under non-pseudo first-order conditions.  

Based on this modelled discrepancy, both CH3CD2OH and CD3OH were disregarded as potential 

reference compounds from the shortlisted candidates giving in Table 3.3 owing to their low rate 

coefficient of reaction with Cl, and therefore increased likelihood for larger correction factors to be 

required if they were used in the CRM setup. (CH3)3CD was also ruled out due to limited commercial 

availability, with CH3CH2OD favoured over (C2H5)2O as a result of its higher ratio of kCl : kOH. 

Unfortunately, attempts to detect CH3CH2OD via PTR-MS, and later SIFT-MS, proved unsuccessful. 

As a result, (C2H5)2O was used as the reference compound in this study. 

3.3.3 Modelling of Different Atmospheric Regimes 

To probe the suitability of the CRM technique for measuring the Cl-reactivity with ambient air, 

AtChem simulations were conducted using recorded VOC concentrations at the Cape Verde 

Atmospheric Observatory site and London during the ClearfLo campaign conducted between 22 July 

and 18 August 2012.171, 172 The sites were chosen as part of this investigation as they represent two 

different atmospheric regimes; Cape Verde represents a clean air environment situated within the 

MBL, whilst London represents a polluted mainland environment. A breakdown of the constraints 

used for each environment is given in Table 3.4.  
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Table 3.4. Summary of the VOC concentrations and associated rate coefficients used during the simulation of 

the CRM technique in London during the 2012 ClearfLo campaign and Cape Verde. *The rate coefficient used 

for C5H8 is an average of reported values of the R and S enantiomers. 

 

Species Clearflo –  

Mean 

Concentration 

SW flow / 

ppbv 

Clearflo –  

Mean 

Concentration 

E flow / ppbv 

Cape Verde –  

Mean 

Concentration  

(Noon) / ppbv 

Rate  

Constant / 

cm3 

molecule-1  

s-1 (298 K) 

Ref. 

Methanol 2.4 5.2 0.749 5.50 × 10-11 15 

Ethanol 2.4 5.7 - 1.00 × 10-10 15 

Propanol 0.3 0.64 - 1.60 × 10-10 15 

Butanol 0.6 0.84 - 2.20 × 10-10 15 

Methane 1853 1903.2 1821 1.00 × 10-13 15 

Ethane 3.1 6.8 0.845 5.80 × 10-11 MCM 

Propane 1.2 2.7 0.05 1.40 × 10-10 MCM 

i-Butane 0.5 1.1 0.0022 1.43 × 10-10 MCM 

n-Butane 1 2.2 0.0039 2.06 × 10-10 MCM 

i-Pentane 0.5 1.2 - 2.20 × 10-10 MCM 

n-Pentane 0.2 0.6 - 2.80 × 10-10 MCM 

n-Hexane 0.3 0.7 - 3.40 × 10-10 MCM 

n-Heptane 0.2 0.4 - 3.90 × 10-10 MCM 

n-Octane 0.1 0.3 - 4.60 × 10-10 MCM 

2-Methyl pentane 0.2 0.3 - 2.90 × 10-10 MCM 

n-Nonane 0.2 0.4 - 4.80 × 10-10 MCM 

n-Decane 0.2 0.4 - 5.55 × 10-10 MCM 

Undecane 0.3 0.7 - 6.17 × 10-10 MCM 

Dodecane 0.6 1.3 - 6.74 × 10-10 MCM 

Dichloromethane 0.03 0.06 - 3.40 × 10-10 15 

Acetylene 0.3 0.5 0.119 4.97 × 10-11 173 

Ethene 0.5 0.9 0.021 1.00 × 10-10 15 

Propene 0.2 0.3 0.022 2.70 × 10-10 15 

Trans-but-2-ene 0.02 0.03 - 3.31 × 10-10 174 

But-1-ene 0.05 0.08 - 3.00 × 10-10 175 

Isobutylene 0.04 0.07 - 3.40 × 10-10 174 

Cis-but-2-ene 0.01 0.02 - 3.76 × 10-10 174 

Pent-1-ene 0.02 0.04 - 3.97 × 10-10 174 

Trichloroethene 0.01 0.02 - 8.70 × 10-11 176 

Benzene 0.12 0.2 - 1.30 × 10-15 177 

Toluene 0.36 0.7 - 5.90 × 10-11 177 
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Table 3.4. (continued). 

 

 

Species Clearflo –  

Mean 

Concentration 

SW flow / ppbv 

Clearflo –  

Mean 

Concentration 

E flow / ppbv 

Cape Verde –  

Mean 

Concentration  

/ ppbv 

Rate  

Constant / 

cm3 

molecule-1  

s-1 (298 K) 

Ref. 

Ethylbenzene 0.06 0.1 - 9.10 × 10-11 173 

1,3-Dimethylbenzene 0.04 0.08 - 1.40 × 10-10 177 

1,4-Dimethylbenzene 0.04 0.08 - 1.50 × 10-10 177 

1,2-Dimethylbenzene 0.05 0.11 - 1.50 × 10-10 177 

1,2,3-Trimethylbezene 0.01 0.01 - 3.60 × 10-10 173 

1,3,5-Trimethylbezene 0.01 0.01 - 3.10 × 10-10 173 

1,2,4-Trimethylbezene 0.02 0.03 - 3.60 × 10-10 173 

Phenylethene 0.02 0.05 - 3.60 × 10-10 177 

Propylbenzene 0.03 0.09 - 7.50 × 10-11 173 

3-Ethyltoluene 0.01 0.02 - 1.40 × 10-10 173 

4-Ethyltoluene 0.01 0.02 - 2.20 × 10-10 173 

2-Ethyltoluene 0.01 0.01 - 1.10 × 10-10 173 

Benzaldehyde 0.01 0.01 - 7.66 × 10-11 173 

α-Pinene* 0.12 0.2 - 4.70 × 10-10 178 

Limonene 0.04 0.07 - 6.40 × 10-10 178 

Formaldehyde 6.7 13.8 0.328 7.20 × 10-11 15 

Acetaldehyde 3.3 6.6 0.826 8.00 × 10-11 15 

Acetone 2 3.4 0.487 2.10 × 10-12 15 

Methacrolein 0.02 0.03 - 2.20 × 10-10 179 

Methyl vinyl ketone 0.02 0.04 - 2.10 × 10-10 179 

2-Methylpropanol 0.04 0.06 - 1.51 × 10-10 173 

Acetic acid 0.04 0.06 - 2.65 × 10-14 15 

Butanone  0.05 0.08 - 4.00 × 10-11  15 

n-Butanal 0.01 0.02 - 1.44 × 10-10 173 

2-Pentanone  0.02 0.04 - 1.17 × 10-10 173 

n-Pentanal 0.02 0.03 - 1.72 × 10-10 173 

4-Methyl-2-pentanone 0.04 0.07 - 3.40 × 10-10 173 

Hexan-2-one 0.03 0.05 - 2.18 × 10-10 173 

Cyclohexanone 0.01 0.02 - 1.30 × 10-10 173 

1,3-Butadiene 0.01 0.02 - 3.20 × 10-10 180 

Isoprene 0.1 0.2 0.01 4.07 × 10-10 179 
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As with the simulations conducted in section 3.3.2, the models were initialised with 35 ppbv of Cl(g) 

and 175 ppbv of (C2H5)2O to yield a reference VOC : Cl ratio of 5 : 1 – representative of the proposed 

CRM operating conditions for this work. In order to derive a correction factor to account for the 

aforementioned systematic interferences, initial simulations were conducted in which only primary 

reactions between the measured VOCs and Cl were considered. The reaction of Cl with O3 (for which 

average concentrations of 37.9 and 24.2 ppbv were reported in the E and SW airflows during the 

ClearfLo campaign and 35 ppbv in Cape Verde) was also included in these initial simulations to 

account for a further sink mechanism of tropospheric Cl-atoms. To ascertain the potential importance 

of secondary chemistry within the reactor, in particular the formation of OH as a result of the reaction 

between O3 and HO2 (reaction 3.3), full breakdown mechanisms of the VOCs, including their 

reactions with OH, and the inorganic reactions listed in Table 3.1 were subsequently incorporated 

into the model where possible. Simulations were finally repeated using measured NO concentrations 

for each site since its reactions with HO2, as described by reaction 1.22, presents a potential additional 

source of OH within the reactor. 

A summary of the CRM rates calculated for the two locations is given in Table 3.5.  

Table 3.5. CRM derived Cl reactivity rates at the Cape Verde Atmospheric Observatory and North Kensington, 

London during the 2012 ClearfLo campaign. 1° and 2° denote the inclusion of primary and secondary chemistry 

within the model respectively. 

Location Conditions CRM Rate / s-1 Literature Derived Rate / s-1 

ClearfLo, London 1° Only 104.67 100.69 

(SW flow) 2° (no NO) 104.69 100.69 

 2° (NO included) 103.35 100.69 

ClearfLo, London 1° Only 205.57 202.89 

(E flow) 2° (no NO) 205.55 202.89 

 2° (NO included) 200.49 202.89 

Cape Verde 1° Only 21.41 20.16 

 2° (no NO) 20.75 20.16 

 2° (NO included) 20.68 20.16 

 

In comparison to the literature derived rates, the proposed operating conditions of the CRM 

instrument, and the use of (C2H5)2O as a reference VOC, were simulated to result in a ~ 3 and 6% 

overestimation of the Cl reactivity rate at the Cape Verde and ClearfLo sites respectively. 

Consequently, it is proposed that unless detailed VOC measurements are made during the field 

deployment of the CRM instrument which would enable the systematic error to be identified through 

 HO2  +  O3
  →  OH  +  2 O2                     (Reaction 3.3) 
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similar box model simulations, a standard correction factor of 4.5% should be applied to the 

measured reactivity rate to account for these measurement artefacts. In the absence of NO, as 

hypothesised in section 3.3.1, the addition of secondary chemistry within the model had little impact 

on the calculated rate, with the additional losses of (C2H5)2O to OH accounting for a maximum 3% 

decrease in the rate over both environments. The simulations have, however, identified NO as 

potential sources of interference as has been reported for OH-CRM instruments. For ClearfLo, a 

consistent decrease in the calculated rate was observed upon initialising each model with NO (5.5 

and 2.5 ppbv for the E and SW flow measurements) indicating that the reaction between NO and 

HO2 can act as a dominant source of OH radicals within the setup. Furthermore, as reported max 

noontime concentrations of NO far exceeded the mean concentrations used in these model 

simulations (33.4 and 11.9 ppbv for the E and SW flow measurements), it is clear that larger 

interferences are likely during the deployment of the instrument in polluted environments. By 

contrast, owing to the low reported NO concentrations (2.3 pptv), the interference in the calculated 

rate for Cape Verde was minor. As such, it is clear that without implementation of methods to mitigate 

the formation of OH within the system, or the application of a correction factor to account for the 

formation of OH, the instrument would only be suitable for deployment in low NOx environments 

such as marine environments and remote forests.  

3.4  Development of a Suitable Cl-atom Source 

3.4.1 Thermolysis of Cl2 

Initial development work on the Cl-CRM instrument focused on the thermal dissociation of Cl2 as a 

source of Cl-atoms, an approach previously reported by Stevens et al. 181 Unfortunately, a detailed 

description of the experimental setup used in the study was not provided. Consequently, a heated 

filament was designed following a similar approach to that undertaken by Toohey et al. for the 

thermolysis of Br2.182 The resulting experimental setup is given in Figure 3.6. Briefly, a known flow 

rate of 0.6% Cl2 in argon was passed through a 2 mm i.d quartz tube containing coiled platinum wire 

(approximately 20 cm in length with a diameter of 0.008 cm when uncoiled). Acting as a catalyst, 

the Pt wire provides a surface upon which dissociative adsorption of Cl2 could occur. Temperatures 

between 580 – 1100K have previously been reported to yield a mixture of Cl2 molecules and Cl-

atoms through this method, the exact ratio dependent upon the surface structure of the catalyst 

used.183, 184 As this was unknown for the Pt wire used in this work, a temperature of 800 °C was 

utilised, sufficient to achieve a “dull red glow” as observed by Toohey et al. in their studies.182 

Heating was achieved by passing an electrical current, equivalent to ~ 4.5 amp, through the Pt wire. 

After passing over the Pt wire, the resulting mixture of Cl-atoms and Cl2 was directed into a glass 

reactor and mixed with (C2H5)2O and zero air / the sample of interest. Changes in the concentration 

of (C2H5)2O over the course of a measurement were monitored using PTR-MS, with transitions 

between the C1 and C2/C3 state achieved by cycling the heated filament. To ensure that the rate 
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coefficient used in the CRM calculation for the reaction between (C2H5)2O and Cl was valid, and that 

the reaction rates calculated for the sample of interest were representative of tropospheric conditions, 

the glass reactor was held at ambient pressure and temperature.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Schematic representation of the reactor used for the thermal dissociation of Cl2. 

Unfortunately, no depletion in the (C2H5)2O signal was observed with this setup. Elevated 

temperatures of the Pt wire were also investigated but proved to be equally unsuccessful. As 

thermolysis has been proven to be a viable source of Cl-atoms within the literature, one potential 

reason for the lack of depletion in this work is the recombination of the Cl-atoms prior to introduction 

into the glass reactor. The kinetics of radical recombination has been extensively reported for chlorine 

and is summarised below.185-187 Upon the collision of two Cl-atoms, Cl2 is initially generated in an 

energetically excited state as shown in reaction 3.4. 

After formation, the energetically excited Cl2
* can either dissociate (reaction 3.5) or transfer its 

excess energy through collision with another inert molecule, M (reaction 3.6). 

 Cl + Cl  →  Cl2
*                                               ka (Reaction 3.4) 

 Cl2
*  →  Cl + Cl                              ka

’ (Reaction 3.5) 

 Cl2
* (+ M) →  Cl2 + M                              kb (Reaction 3.6) 
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By applying the steady-state approximation to the formation of Cl2
*, the rate of formation for the 

ground state Cl2 can be expressed as follows: 

 𝑑
𝑑[𝐶𝑙2]

𝑑𝑡
=  

𝑘𝑎 𝑘𝑏 [𝑀]

𝑘𝑎
′  + 𝑘𝑏 [𝑀]

 [𝐶𝑙]2                   (Equation 3.7) 

Under high pressure conditions, as [M] → ∞, collisions between molecules become more frequent 

resulting in kb[M] > > ka
’. As such, under these conditions, the reaction follows second-order kinetics 

and can be expressed as follows: 

 
𝑑[𝐶𝑙2]

𝑑𝑡
=  𝑘𝑎[𝐶𝑙]2                     (Equation 3.8) 

Under low pressure conditions, as [M] → 0, the inverse is true with the dissociation of Cl2
* 

dominating resulting in the following expression: 

 
𝑑[𝐶𝑙2]

𝑑𝑡
=  

𝑘𝑎 𝑘𝑏 [𝑀]

𝑘𝑎
′  

[𝐶𝑙]2           (Equation 3.9) 

The rate coefficient of reaction under any pressure can then be calculated using the Lindemann – 

Hinshelwood equation:188 

 𝑘𝑟 =  
𝑘0 𝑘∞

𝑘0+ 𝑘∞ 
                          (Equation 3.10) 

Where: 

•  𝑘∞ is the high pressure rate limit ( 𝑘∞ = ka) 

• 𝑘0 is the low pressure limit (𝑘0 = 
𝑘𝑎 𝑘𝑏 [𝑀]

𝑘𝑎
′  

) 

From the high pressure limit, 𝑘∞, the rate coefficient for the recombination of Cl-atoms begins to 

decrease owing to the reduced third body concentration [M], resulting in a “falloff curve” when kr is 

plot against pressure. From measurements reported by Hippler and Troe,189 it can be inferred that the 

rate of Cl-atom recombination increases linearly with pressure up to ~ 5 atm. As the experimental 

setups of Toohey et al. and Stevens et al. were operated at reduced pressures (1.0 – 3.0 torr and 1.4 

– 1.6 torr respectively), the rate of recombination in this work would be at least a factor of 250 greater. 

It should be noted, however, that neither reported recombination as a loss of Cl-atoms and, as such, 

it is not possible to conclude whether such an issue would be present in this work. 

An alternative reason for the lack of depletion in the reference VOC is the loss of the Cl-atoms to the 

walls of the heated filament and the glass reactor. To minimise such losses, the moveable injectors 

used by Toohey et al. and Stevens et al. were coated with phosphoric acid. Such conditioning of the 

reactor walls was not carried out in this work, and as such, it is likely that radical losses through this 

pathway were greater than in the aforementioned studies. Furthermore, as the outlet of the heated 
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filament is perpendicular to the flow over the Pt wire, it is also anticipated that radical wall loses 

would have been further enhanced as the generated Cl-atoms transitioned through to the glass reactor. 

3.4.2 Photolysis of (COCl)2 

3.4.2.1 Reactor Design 

Following the unsuccessful attempts to thermally dissociate Cl2, attention shifted towards alternative 

sources of Cl-atoms. A review of the literature highlighted that the photolysis of chlorine precursors 

and the use of a microwave discharge are the two most common methods used to achieve this. Owing 

to the aforementioned complications experienced in the work by Boothroyd et al. however,155 

photolysis was chosen as the most suitable alternative. Various precursors have been used in the 

literature including Cl2,174, 190, 191 trichloroacetyl chloride (CCl3COCl),178, 192, 193 oxalyl chloride 

((COCl)2)194-197 and thionyl chloride (SOCl2).178 As the photolysis of oxalyl chloride (λ = 254 nm) 

would form two relatively inert CO molecules that could react with any OH radicals present within 

the system, in addition to two Cl-atoms, it was considered the most suitable precursor of the 

shortlisted candidates.  

Figure 3.7 shows a schematic outline of the PTFE reactor developed to conduct these experiments, 

with inlets labelled as A, B and C. Due to difficulties in storing (COCl)2 within stainless steel and 

Silco canisters, delivery of the precursor into the reactor via inlet A was achieved by flushing the 

headspace of a PFA midget impinger (SKC Inc, United States) containing a solution of 98% (COCl)2 

(Sigma Aldrich, United States) with 25 sccm of N2. Both the (COCl)2 and N2 carrier gas were kept at 

a temperature of -5 °C in order to minimise volatilisation, with gravimetric analysis used to determine 

the amount of gaseous (COCl)2 being introduced into the system. Within the reactor, formation of 

Cl-atoms was achieved using a 6” pen ray Hg lamp (Analytik Jena, Germany) seated perpendicular 

to inlet A. Both the reference VOC and the sample of interest were introduced into the reactor 

downstream through inlet C. The distance of the inlet from the Hg lamp was kept to a minimum in 

order to minimise the residence time of the Cl-atoms within the reactor prior to reaction and therefore 

reduce radical losses through recombination. To minimise potential photolytic losses of VOCs 

present in the sampled air, the reactor was designed in a ‘L’ shape so that inlet C was offset from the 

lamp. To compensate for this, and to minimise wall losses of the Cl-atoms, a flow of N2 was 

introduced into the reactor via inlet B, directing the air flow towards the sample inlet. Over the course 

of a measurement, the flow of the N2 carrier gas was varied to maintain a total flow rate of 500 sccm 

within the system. All gas carrier lines were plumbed with ¼” PFA tubing (Swagelok, United States), 

with MFCs (Alicat Scientific, United States) used to ensure that the relevant gas flow rates were 

constant throughout the measurement period. The outflow from the reactor was connected to a SIFT-

MS to monitor changes in the concentration of (C2H5)2O.  
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Figure 3.7. Schematic representation of the PFA reactor used for the photolysis of (COCl)2. 

Methyl iodide (CH3I), a species readily photolysed by UV radiation (λmax = 257.7 nm, σ = 1.12 × 10-

18 cm2 molecule-1 at 298 K) at wavelengths emitted by the Hg lamp, was used to test the effectiveness 

of the reactor design in minimising losses of photolabile VOCs at the sample inlet (inlet C). To ensure 

that a depletion in the VOC could be measured, CH3I was initially introduced into the reactor through 

inlet A whereupon a ~ 50 ppbv depletion was observed when the Hg lamp was switched on, as 

depicted in Figure 3.8(a). Upon confirmation of this, the VOC was then introduced into the reactor 

through inlet C, with N2 carrier gas flows introduced through inlets A and B to mimic typical 

experimental conditions. As can be seen in Figure 3.8(b), no depletion in methyl iodide was observed 

suggesting that photolytic losses at the sample inlet were negligible if present. As trace VOC species 

present in ambient air samples are unlikely to absorb as strongly as CH3I at the wavelengths emitted 

by the Hg lamp, it can be inferred that losses of photolabile VOCs during sampling would be 

negligible with the design. 
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Figure 3.8. (a) Depletion of CH3I due to photolysis. (b) Measured CH3I concentration when introduced 

through the PTFE reactor inlet with the lamp on and off. 

3.4.2.2 Instrument Characterisation 

Several tests were conducted to assess the suitability of the PTFE reactor, both as a source of Cl-

atoms as well as for measuring Cl reactivity rates. A breakdown of these tests is given below.  

Photolysis of Diethyl Ether  

Although unlikely based upon the CH3I measurements, initial experiments were focused on 

calculating any depletion owing to the photolysis of (C2H5)2O (λmax = 188.5 nm)198 by the Hg lamp 

so as to determine whether a correction factor would need to be applied to the C2 and C3 

concentrations prior to use in the CRM calculation. To achieve this, a constant flow of the reference 

VOC was introduced into the reactor through inlet A and allowed to pass over the Hg lamp. No 

deviation from the baseline concentration was observed when the lamp was switched on, indicating 

that photolytic losses can be disregarded as a potential source of depletion within the setup.  

Formation of Cl-atoms and Photolytic Efficiency 

Having ruled out photolytic losses, (C2H5)2O was introduced into the reactor via inlet C to determine 

whether the setup could successfully generate Cl-atoms through the photolysis of (COCl)2 which are 

sufficiently long-lived that a depletion in the reference VOC could be observed via SIFT-MS. As can 

be seen in Figure 3.9(a), depletion of (C2H5)2O was observed when the lamp was switched on, 

indicating that Cl-atoms had been formed and were reacting with the reference VOC. In order for the 

CRM calculations to be valid however, all of Cl-atoms produced within the setup have to be 

consumed during the measurement. As such, the concentration of (C2H5)2O was gradually increased 

over the course of the measurement in Figure 3.9(a) until the level of depletion eventually plateaued. 
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From these measurements it was deduced that ~20 ppbv of Cl-atoms were available for reaction with 

the reference VOC and sample of interest upon reaching inlet C. To probe the repeatability of this 

depletion, a constant flow of (C2H5)2O was introduced into the reactor with the lamp switched on and 

off. As can be seen in Figure 3.9(b), whilst the concentration of (C2H5)2O gradually decreased over 

the course of the measurement, the absolute change in the concentration upon turning on the Hg lamp 

was found to be constant, indicating that the light source would provide a consistent level of Cl-

atoms over the course of a measurement. 

   

 

 

 

 

 

 

 

Figure 3.9. (a) Quantification of [Cl] present at the sample inlet of the Cl-CRM reactor through the depletion 

of (C2H5)2O. (b) Reproducibility of the observed depletion. 

To evaluate what photolytic efficiency this 20 ppbv depletion would represent, and to gain an 

appreciation for the radical losses within the system, the flows of (C2H5)2O and (COCl)2 were mixed 

together and introduced to the reactor through inlet A. By combining the flows and allowing the 

reference VOC to react at the source of Cl production, the probability of Cl recombination and wall 

loss processes can be minimised. As can be seen in Figure 3.10(a), depletion levels of up to ~ 90 ppb 

were observed in (C2H5)2O upon this modification to the setup which, based upon the depletion levels 

observed at inlet C, would yield a 78% loss of Cl-atoms through recombination and wall losses within 

the reactor. With respect to the efficiency of the Hg lamp, gravimetric analysis was performed on the 

(COCl)2 source to yield an emission rate of 1 ± 0.2 mg min-1 as shown in Figure 3.10(b). Based on 

an N2 flow rate of 25 sccm, a mass flow rate of 40 g m-3 and a molar flow rate of 0.3 mol m-3 can be 

calculated. From the stoichiometric coefficients for the photolytic breakdown of (COCl)2, a 

maximum Cl molar flow of 0.6 mol m-3 would be achieved if photolysis was 100% efficient. 

Assuming standard temperature and pressure (and therefore 0.0409 mol L-1 air), such a mass flow 

rate would equate to a mixing ratio 15 ppm. As such a photolytic efficiency of 6 × 10-4 % can be 
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calculated which, when combined with wall and recombination losses, yields an overall efficiency 

of 0.01 %. 

 

 

 

 

 

 

 

 

 

Figure 3.10. (a) Quantification of [Cl] formed by the photolysis of (COCl)2 through the depletion of 

(C2H5)2O. (b) Gravimetric analysis of the (COCl)2 source. 

3.4.2.3 Limitations of (COCl)2 as a Precursor 

Whilst the use of (COCl)2 was found to be a viable source of Cl-atoms, its use as a precursor in a 

CRM setup was not feasible due to practical limitations identified during the aforementioned tests 

and preliminary rate measurement experiments. As (COCl)2 reacts with water to form HCl and a 

mixture of CO and CO2, as described by reaction 3.7, it was found to be highly sensitive to any 

moisture present within the setup.  

Due to the high concentrations (COCl)2 being introduced into the reactor as a result of the low 

photolytic efficiency, the formation of HCl proved to be a significant issue due to its highly corrosive 

properties, with the backflow of (COCl)2 into MFCs leading to damage to their exposed valves and 

pressure gauges and ultimately their inability to control flows. As these observations were made 

during the use of (COCl)2 under laboratory conditions in which dry N2 was used a carrier gas, it is 

likely that these issues would be worsened when sampling humid air during field campaigns.  
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3.4.3  Photolysis of Cl2 

3.4.3.1 Reactor Design 

Due to the aforementioned issues with the use of (COCl)2 in the CRM setup, the decision was taken 

to switch to the photolysis of Cl2 as a precursor of Cl-atoms instead. As both precursors have different 

absorption cross sections, a change in light source was required leading to the development of a new 

quartz reactor as depicted in Figure 3.11. The length and volume of the reactor are approximately 20 

cm and 83 cm3 respectively, with the total flow rate through the system maintained at 500 sccm over 

the course of a measurement to yield a residence time of 10 seconds. Photolysis of Cl2 (λmax = 330 

nm) is achieved using an EQ-77 laser driven light source (Energetiq, United States), a broad-band 

lamp which radiates at wavelengths from 190 nm through the visible region of the spectrum, and will 

herein be referred to as the LDLS. Known flow rates of Cl2 in Ar, gas phase (C2H5)2O and the sample 

of interest are mixed together prior to introduction into the reactor, with N2 (later replaced with zero 

air for reasons discussed further in this chapter) used as a carrier gas to maintain the total flow through 

the system at each stage of the CRM experiment. All gas lines are plumbed with ¼” PFA tubing 

(Swagelok, United States), with MFCs (Alicat Scientific, United States) used to ensure that the 

relevant gas flow rates are constant throughout a measurement. Changes in the concentration of 

(C2H5)2O and Cl2 are monitored using SIFT-MS using the NO+ and O2
+ reagent ions respectively.  

 

 

 

 

 

Figure 3.11. Schematic representation of the quartz reactor used for the photolysis of Cl2. 

3.4.3.2 Lamp Flux Measurements 

During initial tests to determine whether the LDLS would be a suitable light source for the photolysis 

of Cl2, (C2H5)2O was introduced into the outflow from the quartz reactor. Such a design was 

preferential in order to minimise any potential photolytic losses within the system, in particular 

during field measurements in which photolabile VOCs may be present within the ambient air sample. 

Unfortunately no change in the concentration of (C2H5)2O was observed in this configuration upon 

switching on the light source, indicating that Cl-atoms were either recombining or being lost to 

surfaces prior to reaction with the VOC. Consequently the decision was taken to add the reference 

compound, and thus the sample of interest, into the quartz reactor alongside Cl2 as discussed above. 

An appreciation of the radiation flux of the LDLS is therefore vital in order to determine the rate at 
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which some species may be lost through photolysis within the setup. In general, the rate coefficient, 

j, for a photolytic reaction is described by the wavelength-integrated product expressed in equation 

3.12: 

𝑗 = ∫ 𝐹(λ) 𝜎(λ, T) Φ(λ, T) 𝑑λ
λmax

λmin
                   (Equation 3.12) 

Where: 

• F is the photon flux 

• σ is the absorption cross section of the photolysed species 

• Φ is the quantum yield of photodissociation 

Whilst absorption cross sections and quantum yields for species of interest can be obtained from the 

literature, the photon flux of the LDLS at each wavelength is unknown. Spectral power 

measurements of the light source were, however, provided by the manufacturer. As such, if the 

photolysis rate coefficient of a species can be calculated within the system independent of any 

knowledge of the photon flux, a correction factor (y) can be applied to equation 3.12 that would 

enable the use of the spectral power measurements (P) in place of the photon flux: 

𝑗 = ∫ 𝑃(λ) 𝜎(λ, T) Φ(λ, T) 𝑑λ × y
λmax

λmin
                   (Equation 3.13) 

To achieve this, NO2 actinometric experiments were conducted to calculate a value of jNO2, the 

photolysis of which at wavelengths below ~ 420 nm and in the presence of air can be described by 

the following three reactions (disregarding any side reactions which may also occur):199, 200 

Consequently, by passing NO2 through the quartz reactor and allowing the system to reach dynamic 

equilibrium after switching on the LDLS, jNO2 can be calculated using the equilibrium concentrations 

of NO, NO2 and O3, and a rate coefficient for kc of 1.90 × 10-14 cm3 molecule-1 s-1 at 298K via equation 

3.14: 

𝑗𝑁𝑂2
=  𝑘𝑐

[𝑂3][𝑁𝑂]

[𝑁𝑂2]
                   (Equation 3.14) 

In order to allow the system to establish equilibrium, the flow rate through the reactor during these 

measurements was reduced to 5 sccm leading to a residence time of ~ 17 minutes. Concentrations of  

NO and NO2 over the course of the experiments were monitored using a T200UP chemiluminescent 

analyser (Teledyne Technologies, United States) whilst O3 concentrations were monitored using a 

T265 chemiluminescent analyser (Teledyne Technologies, United States). Whilst a depletion in the 

 NO2 + hν  →  NO + O                    jNO2 (Reaction 3.23) 

 O + O2 + M →  O3 + M                           kb (Reaction 3.24) 

 NO + O3
  →  NO2

 + O2                   kc (Reaction 3.25) 
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concentration of NO2 and a corresponding increase in the concentration of NO were observed upon 

switching on the light source, no change in the concentration of O3 from the background levels was 

measured suggesting potential losses within the system. The concentration of O3 was therefore 

assumed to be equivalent to the change in concentration of NO over the measurement period, leading 

to an upper estimate of jNO2 of 0.084 s-1.  

Calculations of  jNO2 were also conducted by measuring the conversion of NO2 into NO at varied 

residence times within the quartz reactor and fitting the resulting plot of conversion factors against 

time to the form of equation 3.15 as proposed by Kley and McFarland:201 

𝐶𝐹 =  [
𝑗𝑁𝑂2𝑡

𝑗𝑁𝑂2𝑡+𝑘[𝑂𝑥]𝑡
] [1 − exp (−𝑗𝑁𝑂2

𝑡 − 𝑘[𝑂𝑥]𝑡)]                   (Equation 3.15) 

Where: 

• CF is the effective conversion factor between NO2 and NO 

• t is the residence time in the quartz reactor 

• k[Ox] is the rate coefficient and the concentration of any oxidising species which can react 

with NO to reform NO2 

In total, measurements were recorded at 11 different residence times from which a jNO2 value of  0.025 

s-1 was obtained as illustrated in Figure 3.12. It should be noted, however, that the measurement of 

the conversion factors are typically conducted on a much shorter timescale than that used in this 

study, and as such the jNO2 value calculated likely represents a lower estimate  

 

 

 

 

 

 

 

 

 

Figure 3.12. NO2 conversion factor for the LDLS in zero air as a function of reactor residence time. 
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In comparison to the two experimentally derived photolysis rates, a jNO2 value of 1.16 × 10-16 s-1 was 

obtained when considering the lamp spectral power measurements within the wavelength range of 

the NO2 absorption cross section and quantum yield reported by IUPAC.202 From this, correction 

factors of 7.28 × 1014 and 2.18 × 1014 were calculated based on the jNO2 values obtained from 

equations 3.14 and 3.15 respectively to account for the use of spectral power as opposed to flux in 

the calculation of j. Assuming a quantum yield of 1, and using the absorption cross section of Cl2 

reported by IUPAC in equation 3.13,  jCl2 is estimated to be in the range of 0.0089 – 0.030 s-1 within 

the system upon application of the aforementioned correction factors.    

3.4.3.3 Instrument Characterisation 

Diethyl ether photolysis 

No deviation from the baseline concentration of the VOC was observed when the LDLS was 

switched on. As such, photolytic losses can be disregarded as a potential source of interference in the 

CRM calculation. 

Photolytic efficiency 

One advantage of using SIFT-MS as a detector is the ability to directly monitor the concentration of 

Cl2 over the course of a measurement using the O2
+ reagent ions, something not possible using PTR-

MS due to Cl2 having a lower proton affinity than water. As a result, the efficiency of the LDLS for 

Cl2 photolysis was assessed by monitoring its depletion in the presence of (C2H5)2O as the light 

source was switched on/off. Over the course of the measurement, the concentration of (C2H5)2O was 

gradually increased to ensure that all of the generated Cl-atoms were being consumed. As can be 

seen in Figure 3.13 the level of depletion remained constant over the course of these incremental 

changes, with an efficiency of (10.4 ± 1)% calculated.   

 

 

 

 

 

 

 

 

Figure 3.13. Quantification of [Cl] formed by the photolysis of Cl2 and subsequent reaction with (C2H5)2O. 
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Measurement of isoprene reactivity 

Having ruled out photolytic loses of the reference VOC, tests were performed to ascertain whether 

the Cl-CRM concept could reliably quantify reactivity rates based on known rate coefficients. C5H8 

was chosen as the source of additional reactivity for these preliminary tests for a number of reasons. 

The ability to measure C5H8 using SIFT-MS was one of these factors, allowing for changes in its 

concentration and that of (C2H5)2O to be monitored over the course of an experiment. As a result, the 

sum of depletion of both species could be calculated and then compared to that observed in (C2H5)2O 

during the C1-C2 stage in order to ensure that no additional radicals were being formed within the 

reactor that could act as an interference. Furthermore, the ability to measure C5H8 with the SIFT 

enables tests to be conducted to ensure that it would not be photolysed by the LDLS. No change in 

concentration was observed during the tests and as such C5H8 is a suitable VOC to test the CRM 

concept in the current reactor configuration. The final benefit of using C5H8 in these preliminary tests 

is that its reaction with Cl has been well studied with a recommended value published by JPL of 7.60 

× 10-11 × exp (500/T) cm3 molecule-1 s-1, allowing for the rate of reactivity being introduced into the 

reactor to be calculated.179 It is, however, noted that the values used by JPL to determine their 

recommended rate coefficient show a large degree of variability, with some suggesting rate 

coefficients nearly 20% faster than the recommended value at 298 K.203-205 Such variability would 

therefore impose a greater degree of uncertainty surrounding the reactivity being introduced into the 

system.  

Figure 3.14 shows an example plot of a typical Cl-CRM experiment. As reflected by the drop in 

concentration of (C2H5)2O between C1 and C2, reaction with Cl(g) occurs when the LDLS is turned 

on. The level of depletion observed in (C2H5)2O then decreases upon the addition of C5H8 owing to 

the competing reaction for Cl(g), as reflected by the simultaneous decrease in the concentration of 

C5H8. 
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Figure 3.14. Representative Cl-CRM experiment using (C2H5)2O as a reference gas to measure the reaction 

of C5H8 with Cl. 

By adjusting the concentration of C5H8 introduced into the reactor, the operating range of the Cl-

CRM instrument could be probed. Figure 3.15 shows the reactivity measured by the CRM setup 

(vertical axis) plot against the reactivity introduced into the system by addition of C5H8 (horizontal 

axis). The horizontal error bars represent the total uncertainty in the reactivity introduced into the 

system, which includes the uncertainty in the concentration of C5H8, uncertainty in the rate constant 

and fluctuations in the flow rate. With respect to the former, as the C5H8 measurements were 

uncalibrated, the error comprises of the uncertainty in the rate coefficient for the reaction of C5H8 

with the NO+ reagent ions of the SIFT-MS (20%) and the error associated with the transmission curve 

(10%). As JPL do not quote an uncertainty with their recommended rate coefficient for the reaction 

of C5H8 with Cl, this is assumed to be 20% upon considering the range of rate coefficients that were 

used to derive the recommended value at 298K as discussed above. Applying the root square 

propagation of errors for these uncertainties, and including an uncertainty of 0.6% for the flow rate, 

an overall error of 30% was obtained for the sampled reactivity. A similar procedure was conducted 

to determine the uncertainty in the measured Cl reactivity, reflected in the vertical error bars. This 

includes the uncertainty in the rate coefficient for the reaction of (C2H5)2O with Cl (16.8%), 

uncertainty in the concentration of (C2H5)2O introduced into the reactor (as this was uncalibrated, 

these errors are the same as that for the concentration of C5H8), SIFT-MS precision errors (7.5%) and 

flow fluctuations of the MFCs (0.6%), yielding a total measurement error of 28.96% which is 

rounded to 30% herein. 
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Figure 3.15. CRM validation using C5H8 as a source of reactivity under the initial reactor conditions. 

Whilst a good agreement was found between the CRM and JPL derived rates, as reflected by a 

gradient of 1.03 being obtained following linear regression analysis, an R2 value of 0.88 highlighted 

significant variability in the measurements across the investigated reactivity range. In an attempt to 

minimise this variability, several changes were made to the experimental setup, the results of which 

are summarised in Table 3.6. Initial modifications to the design involved the shortening of the 

sampling inlet line to the SIFT-MS in order to minimise any potential surface losses that may be 

occurring to the walls of the PFA tubing. The carrier gas was also switched from oxygen-free N2 to 

zero air during these modifications in order for the experiments to more closely mimic the conditions 

of the reactor during operation in the field, in which O2 would be present in the sampled air. Upon 

these changes the reactivity rate was observed to drop from 150 s-1 to 70 s-1, both of which lower 

than the literature derived rate of 202 s-1 based on the concentration of C5H8 introduced into the 

reactor. Large variability in the measurements also continued to be observed despite the 

modifications made. It was hypothesised that this variability may arise from the photolytic formation 

of additional radical species within the reactor due to the high energy photons emitted from the LDLS. 

This hypothesis is supported by comparing the depletion levels at each stage of the CRM, with the 

combined depletion of C5H8 and (C2H5)2O during the C3 stage being on average 2.5 ppbv greater 

than the observed C1-C2 depletion in (C2H5)2O when using N2 as a carrier gas. The observed 

discrepancy was even more profound upon the use of zero air, with the difference in depletion levels 

increasing to 12.4 ppbv, potentially arising from the formation of O radicals following the photolysis 

of O2 within the setup. To mitigate for this, the LDLS was fitted with a 280 nm longpass filter 

(Newport, United States, part number: 20CGA-280) to remove the high energy photons not required 

for Cl2 photolysis at λ < 280 nm. Rate measurements were repeated using both N2 and zero air carrier 
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gasses to assess the impact of the removal of these high energy photons. In both instances the 

variability in the repeat measurements was reduced whilst the calculated rate increased in comparison 

to that obtained during the unfiltered experiments. It is interesting to note that use of zero air as a 

carrier gas resulted in an 18% increase in the measured rate when compared to that obtained with N2, 

and the JPL derived rate, indicating that the C3 concentration of (C2H5)2O was higher than expected 

and thus suggesting a potential sink of Cl-atoms within the zero air cylinder. 

Table 3.6. Impact of carrier choice and filtration of the light source on calculate CRM rates for the reaction of 

C5H8 with Cl(g). Literature rate calculated to be 202 s-1. Measurements were repeated 3 times with the average 

(± one standard deviation) reported.  

Carrier Gas Light Source Status CRM rate / s-1 

Nitrogen Unfiltered  151 ± 40 

Nitrogen Filtered 182 ± 10 

Zero air Unfiltered  70 ± 40 

Zero air Filtered 214 ± 10 

 

Following the modifications to the experimental setup, the operating range of the CRM instrument 

was re-examined with the results depicted in Figure 3.16. In comparison to the original measurements, 

a stronger linear response was observed in the measured reactivity as reflected by an increase in R2 

of the linear regression fit from 0.87 to 0.99. An increase in the gradient was also observed, indicating 

a slight overestimation of the reactivity introduced into the system by 8%. To explore this further, 

orthogonal distance regression (ODR) was conducted to determine whether consideration of the error 

in the x-axis (the reactivity introduced into the system) would have any impact on the linear fit. As 

can be seen from the blue line in Figure 3.15, both regression methods yielded comparable fits, with 

ODR suggesting a slight increase in the overestimation to 9%. Such overestimations cannot be 

attributed to the operation of the instrument under non-pseudo first-order conditions, with AtChem 

simulations identifying an expected underestimation of the rate by 4% instead, as shown in Figure 

3.17. It should be noted, however, that both linear fits are within the 30% uncertainty of the 

measurement as previously discussed.  

From the measurements, an averaged detection limit of the instrument could also be obtained. The 

LOD was determined by calculating standard deviations of the C2 (C2H5)2O concentration (σC2) for 

each measurement and calculating an associated Cl reactivity arising from the measurement noise 

through equation 3.16: 

𝐿𝑂𝐷 =  
((𝑪𝟐+3𝜎𝑪𝟐)−𝑪𝟐)

(𝑪𝟏−(𝑪𝟐+3𝜎𝑪𝟐))
 × 𝑘𝐷𝑖𝑒𝑡ℎ𝑦𝑙 𝐸𝑡ℎ𝑒𝑟 𝑪𝟏                (Equation 3.16) 
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From this, an LOD of 12 s-1 was calculated, indicating the instrument in its current configuration 

would lack the sensitivity to be deployed in its current configuration in clean air environments such 

as that experienced in Cape Verde. It is also interesting to note, however, that both fits in Figure 3.15 

yield non-zero y-axis intercepts exceeding this LOD values (-34 and -36 for linear regression and 

ODR respectively). As can be seen in Figure 3.16, whilst a non-zero y-axis intercept is also obtained 

from the AtChem simulations, this is substantially lower than that obtained from the experimental 

measurements indicating that the operation of the system under non-pseudo first-order conditions is 

not solely responsible for this systematic error. One potential reason for the negative intercept is an 

underestimation of the rate of reaction at low reactivity. This is reflected in the measured reactivity 

rates falling below the 1:1 literature : measured reactivity rate line in Figure 3.16 at rates below 220 

s-1. As an underestimation of the reactivity rate would indicate a larger than expected depletion of 

diethyl ether in the C3 stage, such an observation may indicate that additional radical sources were 

generated within the system. Such radical formation and subsequent interference would, however, 

still be anticipated when introducing higher reactivity into the system and thus seems unlikely. An 

alternatively possibility is an overestimation of the concentration of isoprene available to react with 

Cl within the system, consequently leading to an overestimation of the literature reactivity used in 

Figure 3.16. Whilst the concentration of isoprene was monitored during the experiments, the SIFT 

had not been calibrated with a standard containing the compound leading to increased uncertainty in 

the measured concentration.  

 

 

 

 

 

 

 

 

Figure 3.16. CRM validation using C5H8 as a source of reactivity post-reactor modifications. Error bars 

represent the total calculated uncertainty with the fainter error bars including the uncertainty in the literature 

rate coefficient. Red and blue lines represent the fits obtained via linear regression and orthogonal distance 

analysis respectively. 



80 

 

 

 

 

 

 

 

 

 

Figure 3.17. AtChem derived CRM rates for the measurement of isoprene reactivity. 

3.5 Conclusions 

The feasibility of the CRM concept for the measurement of chlorine reactivity has been explored in 

this chapter. Box model simulations conducted in AtChem have identified that while the method 

would be appropriate for such an application, as reported previously in the literature, the accuracy of 

the technique is sensitive to the operating conditions with significant errors introduced upon 

operating the system under non-pseudo first-order conditions. A previously unreported sensitivity to 

the rate coefficient of the reference compound was also identified during the aforementioned 

simulations, with the technique found to overestimate the reactivity when measuring samples with 

rate coefficients lower than that of the reference compound whilst conversely underestimating those 

with higher rate coefficients. As a result, (C2H5)2O was identified as the most suitable candidate for 

use as a reference compound in this study, with a [Reference VOC] : [Cl] ratio of 5 : 1 proposed to 

strike a balance between instrument sensitivity and the need for pseudo first-order conditions. 

Several approaches to the formation of Cl-atoms under atmospheric pressure were investigated, with 

the photolysis of Cl2 via a broad spectrum lamp identified as the most suitable for application in this 

study. Owing to the ability to monitor the concentration of Cl2 in real-time, SIFT-MS was also 

identified as the most suitable detection method for use during the development of the CRM setup. 

Validation of the CRM concept was probed through standard additions of isoprene within a reactivity 

range of approximately 100 – 400 s-1. The technique was found to reproduce rates to within (8 ± 5)% 

of those obtained using the recommended rate coefficient of JPL,179 well within the approximate 30% 

total uncertainty of the measurement. Further validation of the method is required through the 

addition of increasingly more complex gas mixtures to better mimic the measurement of an ambient 

air sample. Exploration of the impact of NO on the measured reactivity is also suggested, with box 

model simulations indicating interference arising from the formation of OH within the system.    
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4.1  Introduction 

4.1.1 Chapter Objectives 

In the previous chapter a clean source of Cl-atoms for the CRM technique was identified through the 

photolysis of Cl2 using a broad-spectrum lamp. Tests using C5H8 as a gas standard identified that the 

rates obtained using the technique were in good agreement with those derived from the literature rate 

coefficient. This chapter will continue to build upon these comparisons by measuring the reactivity 

of increasingly more complex gas mixtures that begin to mimic an ambient air sample in order to 

ascertain whether the instrument would be suitable for field deployment. Should good agreement 

with the literature continue to be found, the technique will also be utilised to measure the rate 

coefficient of a VOC for which no existing measurements have been published; providing another 

potential application of the instrument when not deployed in the field.    

4.2  Characterisation Against Literature Rates  

4.2.1 Methane / Propane Mixture  

Continuing the validation of the CRM technique, the reactivity of a CH4 and C3H8 mixture with 

chlorine was measured and compared to the literature. Such a mixture was chosen owing to the well-

established rate coefficients of reaction with Cl for these species (1.0 × 10-13 and 1.4 × 10-10 cm3 

molecule-1 s-1 at 298 K for CH4 and C3H8 respectively)15 allowing for reduced uncertainty in the 

reactivity being introduced into the reactor when compared to C5H8. It should be noted however that 

one limitation of these species is that neither can be detected using SIFT-MS since short chain 

hydrocarbons do not react with the NO+ or H3O+ reagent ions.206 Measurement of CH4 using the O2
+ 

reagent ion is possible, however the reaction is slow and therefore can only be used to quantify 

concentrations in excess of 1000 ppmv and thus would not be suitable in this study.207 Consequently, 

quantification of the cylinder concentrations used in this study was achieved using GC-MS, with the 

subsequent concentrations of both species introduced into the reactor calculated based upon the 

dilution flow rates used. Figure 4.1 shows the resulting measured vs literature reactivity rate plot 

from these experiments for which four different species concentrations were used and measurements 

repeated three times. As with the C5H8 experiments reported in section 3.4.3, the CRM rates were 

found to be in good agreement with those derived from the literature, with linear regression analysis 

suggesting an overestimation of the rate by 6%, and little variability over the measured reactivity 

range as reflected by the R2 value of 0.97. Upon considering the uncertainty in the reactivity 

introduced into the system (~22%) through ODR, the calculated overestimation increased to 8%. 

Whilst both of these overestimations are greater than that which can be attributed to the operation of 

the CRM setup under non-pseudo first-order conditions (simulated to lead to a 3% overestimation), 

it should be noted that both of these values, including the uncertainty in the linear fits, are within the 

combined uncertainty in the measured reactivity (~30%) as previously calculated in section 3.4.3. As 
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such, any improvements in the CRM’s ability to reproduce literature rates would first require a 

reduction in the uncertainty of each measurement. Similarly, whilst both linear and ODR analyses 

yield  non-zero y-axis intercepts, both are also within the uncertainty of the fit.  

 

 

 

 

 

 

 

 

 

Figure 4.1. Calibration plot of the CRM instrument using a CH4 / C3H8 mixture. Error bars in the y-axis 

represent the total measurement uncertainty (30% as discussed in section 3.4.3). Error bars in the y-axis 

represent the uncertainty of the reactivity introduced into the system (8.8% uncertainty in the concentrations 

of both species measured by the GC-MS, 0.6% uncertainty in the MFC flow rate) with the fainter error bars 

including the uncertainty in the literature rate coefficients of CH4 and C3H8 (11.5% and 13.9% respectively). 

Red and blue lines denote the linear and ODR fits respectively. 

Figure 4.2(a) shows the resulting calibration plot obtained upon merging the reactivity measurements 

of both C5H8 and the CH4 / C3H8 mixture. Little variability is observed between the measurements 

of both systems as reflected by an R2 value of 0.97, however larger y-axis offsets of - 22 and - 27 s-1 

are obtained using linear and ODR analyses respectively, further highlighting the lack sensitivity of 

the instrument. To assess the importance of the y-axis intercept on the observed relationship between 

the measured and literature reactivity rates, the linear regression of the measured rates was repeated 

by forcing the fit through the zero point. As can be seen from the plot in Figure 4.2(b), the resulting 

regression analysis yields a linear fit with excellent agreement between the literature and measured 

rates, suggesting an underestimation of just 1% across the range of 86 – 400 s-1. This apparent 

improvement in accountability is at the expense of significantly worsened quality of fit as reflected 

by a drop in R2 to 0.82. As discussed in section 3.3.2, whilst this would not pose an issue in polluted 

environments such as London, the offset obtained here is greater than the expected reactivity rate 

within clean air environments such as Cape Verde. As such, it is suggested that a separate set of CRM 
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operating conditions would need to be investigated in order for deployment of the instrument within 

these environments to be viable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Combined CH4 / C3H8 and C5H8 calibration plot of the CRM instrument (a) using linear 

regression (red) and orthogonal distance (orange) derived y-axis intercept (b) forcing through zero. 

4.2.2 35-Component Mixture 

Increasing the complexity of the sample further, a 35-component gas mixture consisting of alkanes, 

alkenes, and aromatics in nitrogen (BOC, 177664-AL-HC) was used as a final reactivity standard to 

validate the CRM concept. A breakdown of the components present within the gas standard, their 

GC validated concentrations (post dilution from the stock cylinder) and their literature rate constants 

is given in Table 4.1. For trans-pent-2-ene, no rate constant could be found in the literature, so it was 

assumed to be comparable to that of pent-1-ene (3.97 × 10-10 cm3 molecule-1 s-1). 

(a) 

(b) 
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Table 4.1. Composition of the 35-component gas standard used, GC validated species concentrations and 

literature rate coefficients. * No rate coefficient for trans-pent-2-ene could be found within the literature so it 

has been assumed to be equal to that of pent-1ene in this study. 

Component Concentration ± σ   

ppbv 

k / cm3 molecule-1 s-1 

(298 K) 

Source 

n-Decane 86.2 ± 1 5.55 × 10-10 MCM 

1,2,3-trimethyl benzene 100.2 ± 1 3.60 × 10-10 173 

1,2,4-trimethyl benzene 91.3 ± 1 3.60 × 10-10 173 

1,3,5-trimethyl benzene 90.0 ± 0.8 3.10 × 10-10 173 

n-Nonane 109.4 ± 1 4.80 × 10-10 MCM 

o-Xylene 87.5 ± 0.6 1.50 × 10-10 177 

m-Xylene 86.6 ± 0.8 1.70 × 10-10 173 

p-Xylene 85.4 ± 1 2.60 × 10-10 173 

Ethyl benzene 83.7 ± 0.7 9.10 × 10-11 173 

n-Octane 93.0 ± 0.6 4.60 × 10-10 MCM 

Toluene 93.0 ± 0.6 5.90 × 10-11 177 

Benzene 100.7 ± 0.3 1.30 × 10-15 177 

n-Heptane 88.1 ± 0.4 3.90 × 10-10 MCM 

2,2,4-trimethyl pentane 93.0 ± 0.1 2.26 × 10-10 208 

2-Methyl pentane 86.9 ± 0.1 2.90 × 10-10 MCM 

n-Hexane 92.6 ± 0.2 3.40 × 10-10 MCM 

Trans-pent-2-ene 92.3 ± 0.3 3.97 × 10-10 * 174 

Cyclopentane 92.8 ± 0.2 2.31 × 10-10 209 

Isoprene 80.2 ± 0.2 4.07 × 10-10 179 

n-Pentane 98.0 ± 0.2 2.80 × 10-10 MCM 

i-Pentane 126.8 ± 0.1 2.20 × 10-10 MCM 

Pent-1-ene 92.9 ± 0.2 3.97 × 10-10 174 

Cis-but-2-ene 100.1 ± 0.2 3.76 × 10-10 174 

1,3-butadiene 94.9 ± 0.2 3.20 × 10-10 180 

But-1-ene 95.1 ± 0.2 3.00 × 10-10 175 

Trans-but-2-ene 97.1 ± 0.2 3.31 × 10-10 174 

Acetylene 69.7 ± 0.2 4.97 × 10-11 173 

Isobutylene 88.4 ± 0.2 3.40 × 10-10 174 

i-Butane 101.9 ± 0.1 1.43 × 10-10 MCM 

n-Butane 98.0 ± 0.1 2.06 × 10-10 MCM 

Propane 95.2 ± 0.1 1.40 × 10-10 MCM 

Propylene 94.9 ± 0.2 2.70 × 10-10 15 

Ethane 

Ethylene 

96.4 ± 0.4 

96.6 ± 0.2 

5.80 × 10-11 

1.00 × 10-10 

MCM 

15 
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The gas standard was introduced into the reactor at five different mixing ratios to yield reactivities 

within the 86 – 400 s-1 range already investigated. Each measurement was repeated three times with 

the average reactivity taken. An average relative standard deviation of 7.5% was calculated across 

the reactivity ranges investigated, highlighting reasonable reproducibility in the measurement. As 

can be seen from the resulting calibration plot given in Figure 4.3, in comparison to the previous 

calibrations, a greater discrepancy between the literature and measured rates was observed, with 

linear regression analysis identifying a 33% overestimation and ODR identifying a 37% 

overestimation. Similarly, both linear fits resulted in a significantly increased offset from zero in the 

y-axis intercept. It is proposed that these changes arise from the increased uncertainty in the reactivity 

introduced into the system (143%), particularly due to the addition of VOCs within the gas standard 

for which no known rate coefficient for their reaction with Cl has been reported. Using the root square 

propagation of uncertainty, and assuming an uncertainty of 20% in the rate coefficients used in the 

MCM, a total uncertainty of ~ 146% is calculated for the reactivity within the system. Therefore, for 

clarity, only errors in both the cylinder concentration (3.5%) and the flow rate (0.6%) are accounted 

for in the x-axis error bars in Figure 4.3.     

 

 

 

 

 

 

 

 

Figure 4.3. Calibration plot of the CRM instrument using a 35-component mixture. Error bars in the y-axis 

represent the total measured uncertainty (30% as discussed in section 3.4.3). Error bars in the y-axis represent 

the uncertainty in the reactivity introduced into the system (3.5% uncertainty in the cylinder concentration 

measured by the GC-MS, 0.6% uncertainty in the MFC flow rate) with the uncertainty in the literature rate 

coefficients of the constituents of the gas mixture (143%) omitted for clarity. Red and blue lines denote the 

linear and ODR fits respectively. 

The final calibration plot for the CRM instrument based on all three standard measurements is given 

in Figure 4.4(a). Overall, the measurements show good agreement with the literature when viewed 

as a collective, as reflected by the gradient of 1.08, with a strong degree of linearity across the 

measured range (R2 = 0.91), although it is noted that this degree of linearity is weaker upon the 
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addition of the 35-component mixture. Such performance compares well with the OH-CRM 

instrument developed by Sinha et al. and the more recent ICRM by Wang et al. in which gradients 

of 1.08 and 0.72 were obtained respectively, even when considering a gradient of 1.14 as obtained 

by ODR analysis.129, 132 Forcing the linear fit through the zero point was observed to improve the 

relationship between the measured and literature rates as reflected by a drop in the gradient to 1.04. 

As previously observed in Figure 4.2(b) however, the quality of the fit was slightly poorer upon this 

change as reflected in the drop of R2 to 0.84 (compared to 0.99 for both OH-CRM instruments). In 

comparison to the aforementioned OH-CRM instruments, the lack of sensitivity of the Cl-CRM 

instrument developed in this work is substantially greater (y-axis intercept of -12 for the Cl-CRM 

compared to -3.4 and -2.1 s-1 respectively for the OH-CRMs). It is therefore clear that any dilution 

factor of the sampled air should be kept to a minimum to increase the range of environments in which 

the Cl-CRM instrument could be deployed. As discussed in section 3.4.3 following the 

characterisation of the instrument through addition of C5H8, the negative intercept obtained in Figure 

4.4 would suggest an underestimation of the reactivity rate at low reactivity. Underestimating the 

VOC concentrations introduced into the system and the formation secondary radicals within this 

region could potentially explain this observation, however, both would be expected to have similar, 

if not larger, impacts as the reactivity introduced into the system is increased. Due to the wide 

reactivity range that has been explored in this work, it is possible that the operating conditions used 

were not optimal for measuring low reactivities leading to the observed lack of sensitivity. Further 

work would therefore be required to investigate whether the use of a less reactive VOC would yield 

improved performance under such conditions. It should be noted, however, that calibration of both 

OH-CRM instruments was conducted using the more sensitive PTR-MS technique as opposed to the 

SIFT-MS technique used in this study. Should sensitivity continue to be a problem for the deployment 

of the Cl-CRM instrument, switching to a detector such as a PTR-ToF-MS would be recommended. 

It is also recommended that the chosen detector is calibrated with a diethyl ether (or alternative 

reference VOC) standard in the future in order to reduce the uncertainty in the measured reactivity. 
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Figure 4.4. Final calibration plot of the CRM instrument (a) using linear regression (red) and orthogonal 

distance (orange) derived y-axis intercept (b) forcing through zero. Uncertainty in the sample rate 

coefficients have been omitted for clarity. 
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4.3 Measurement of Unknown Reactivity Rates  

Having deduced that the CRM technique can reliably recreate literature reactivity rates under 

laboratory conditions, and developed a calibration curve within the range of 86 – 400 s-1, tests were 

conducted to determine how well the technique would be suited for measuring unknown rate 

coefficients. Typically such measurements are achieved using either absolute techniques, such as 

discharge flow and flash photolysis, or relative rate techniques.210 As discussed in section 3.3.2 of 

this thesis, the CRM and relative rate technique are closely related with both approaches utilising a 

reference compound to ascertain the reactivity of the sample of interest. The key difference with the 

relative rate technique, however, is that the concentrations of both the sample and the reference 

compound are monitored over the course of the experiment. Assuming that the sole loss process of 

both compounds is through reaction with Cl, the reactions of interest during a relative rate experiment 

can be summarised as follows (additional loss terms such as those with reactor walls can also be 

included if well understood but are not included in this description for simplicity): 

From these reactions the following rate expressions can be derived: 

dln[Sample]/dt = - ka[Cl]               (Equation 4.1)   

dln[Reference]/dt = - kb[Cl]           (Equation 4.2)       

Integration of the above yields: 

ln[Sample]t = − 𝑘a ∫  [Cl]dt + ln[Sample]t=0
t

t=0
                     (Equation 4.3)   

ln[Reference]t = − 𝑘b ∫  [Cl]dt + ln[Reference]t=0
t

t=0
           (Equation 4.4)       

Following rearrangement, we obtain:  

ln
[Sample]t

[Sample]t=0
= − 𝑘a ∫  [Cl]dt

t

t=0
          (Equation 4.5)   

ln
[Reference]t

[Reference]t=0
= − kb ∫  [Cl]dt

t

t=0
      (Equation 4.6)       

As such, it follows that: 

ln
[Sample]t

[Sample]t=0
=

𝑘a

𝑘b
 ln

[Reference]t

[Reference]t=0
        (Equation 4.7)   

Therefore, a plot of the logarithmic depletions of the sample against the logarithmic depletion of the 

reference compound should yield a straight line passing through, or close to, the origin with a gradient 

 Sample + Cl  →  Products                         ka
 (Reaction 4.1) 

 Reference + Cl →  Products                                  kb (Reaction 4.2) 
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ka / kb. As the rate coefficient for the reaction between Cl and the reference compound, kb, is known, 

multiplication of the gradient by kb would yield the rate coefficient of the sample.  

As the CRM technique does not monitor the change in concentration of the sample, the rate 

coefficient must instead be inferred from the measured reaction rates calculated at various sample 

concentrations based on the depletion of (C2H5)2O. As unity between the literature and measured 

reaction rates was not achieved during the calibration of the CRM instrument, the rates must be 

corrected by applying the calibration term obtained in Figure 4.4. A plot of the resulting corrected 

rates against the concentration of the sample introduced into the reactor should yield a straight line 

with a gradient equivalent to the rate coefficient for the reaction with Cl. 

Tests for this application of the CRM concept were conducted using 3,3-dimethyl-2-butanone 

(pinacolone, C6H12O), a compound identified as a potential “green” solvent to replace the use of 

hazardous, volatile, non-polar solvents such as toluene.211 The classification of compounds as “green” 

solvents arises from their ability to be derived from renewable sources, low-toxicity and good 

solvation properties. Their atmospheric breakdown and subsequent impact on air quality are, 

however, often not considered.211 An understanding therefore of the Cl loss term would provide a 

constraint against which their atmospheric breakdown could be determined.   

CRM calculations were conducted at five different concentrations of C6H12O, with each measurement 

repeated three times and the average taken. As shown in Figure 4.5, least squares fitting of the 

corrected rates plot against the concentration of C6H12O introduced into the system yields a rate 

constant of (5.5 ± 0.4) × 10-11 cm3 molecule-1 s-1 at approximately 298 K and 14.78 psi pressure. By 

comparison, without application of the aforementioned correction factor, a rate coefficient of (5.9 ± 

0.5) × 10-11 cm3 molecule-1 s-1 was obtained. To gain an appreciation as to the feasibility of the 

proposed rate coefficient, comparisons were drawn to existing measurements for butanone for which 

a rate coefficient of 3.6 × 10-11 cm3 molecule-1 s-1 has been reported by IUPAC.15 Due to the structural 

similarities of both species, it would be expected that their rates of reaction with Cl would be 

comparable. This is reflected in their reactions with OH, for which rate coefficients of 1.1 × 10-11 and 

(1.2 ± 0.2) × 10-11 cm3 molecule-1 s-1 have been reported for butanone and C6H12O respectively.15, 212 

Assuming the rate coefficients for reaction with Cl have a comparable difference, a theoretical rate 

coefficient of (3.9 ± 0.6) × 10-11 cm3 molecule-1 s-1 can be derived for C6H12O. Whilst such a rate 

coefficient falls outside of the uncertainty of the linear fit used to derive the experimental rate 

coefficient in this study, it is important to note that this is still within the uncertainty of the measured 

rate (30 %) as previously discussed. Consequently, should the CRM setup be used to derive further 

Cl rate coefficients, a reduction in this uncertainty is vital.     
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Figure 4.5. CRM plot for the reaction of C6H12O with Cl at approximately 298 K and 14.78 psi pressure. 

The attainment of a non-zero y-axis intercept of 19 s-1 in the linear fit used to derive the rate 

coefficient is also interesting to note. In part, this offset can be attributed to the application of the 

correction factor to the measured rates, however a y-axis intercept of 9 s-1 is still obtained if the 

uncorrected values were used in Figure 4.5 instead. As the intercept is positive, it can be inferred that 

the depletion of (C2H5)2O during the C3 stage is smaller than expected when the added reactivity is 

low, potentially indicating a reduction in the amount of Cl-atoms available for reaction when 

compared to the C2 stage. Such an observation is, however, in contrast to the negative y-axis 

intercepts that were obtained during the calibration of the instrument. Such an intercept could 

therefore potentially indicate the formation of additional radical species such as OH within the setup. 

To probe this further, model simulations of the C6H12O CRM experiments were conducted in AtChem, 

with the mechanism for the reaction of C6H12O and OH (and associated secondary reactions) 

extracted from the MCM. Simulations were also conducted for C5H8 to examine whether contrasting 

y-axis intercepts would be anticipated, with a detailed description of the mechanism used during 

these simulations provided later in this chapter (section 4.4.2.2). Model runs were conducted over a 

period of 11 seconds to replicate the experimental conditions; 10 seconds to account for the residence 

time within the reactor (during which the photolysis of Cl2 was “switched on”), and an additional 1 

second to account for the sample line connection to the SIFT-MS. To obtain a C1  – C2 depletion 

comparable to that observed during the CRM experiments, a value of 0.0348 s-1 was used for jCl2, 

greater than the 0.0296 s-1 that was derived from the NO2 actinometric experiments discussed in 

section 3.4.3. This discrepancy between the calculated and observed likely originates from wall 

losses of the radicals, a process which is expected to be of less significance in the CRM experiments 
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as both the VOC and Cl2 are introduced into the reactor together thus enabling the Cl-atoms to react 

upon formation. 

As can be seen from Figure 4.6(a), whilst a positive y-axis intercept is obtained from the modelled 

CRM experiments of C6H12O, the magnitude of the offset is substantially smaller than that observed 

for both the corrected and uncorrected experimentally derived rates. It should be noted, however, that 

the y-axis intercept for the uncorrected rate is below the LOD, and as such the discrepancy is likely 

the result of instrument noise. By comparison, however, whilst the simulated C5H8 rates yield a 

negative y-axis intercept as shown in Figure 4.6(b), the discrepancy between the model and 

experimentally derived intercepts exceeds the LOD. Based on the C1  and C2 concentrations used in 

the simulations, the 31.54 s-1 difference would account for an additional 0.94 ppbv depletion in 

(C2H5)2O, potentially indicating an under-representation of the formation of OH within the model. 

Further laboratory experiments would be required to confirm this, potentially through the addition 

of an OH scavenging species such as CO and C6H6 – concepts which will be re-visited later.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Modelled CRM experiments for the reaction between (a) C6H12O, (b) C5H8 and Cl. 
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4.4 Impact of NO on Reactivity Measurements 

4.4.1 Experimental Measurements  

In order to compare the reactivity rates obtained from the Cl-CRM instrument against the literature, 

the experiments reported earlier in this chapter were conducted in zero air. However, as the 

instrument is ultimately designed to measure Cl reactivity with ambient air, the impact of NO on the 

calculated reactivity rates should also be considered. As discussed in section 1.2, NO will react with 

HO2 produced during the oxidation of hydrocarbons to form OH. This can interfere with the 

calculated reactivity rate if the OH radicals subsequently react with the reference VOC, resulting in 

a lower than expected C3 concentration thereby reducing the calculated reactivity rate as identified 

in section 3.3.3 of this thesis. To probe how significant this secondary chemistry would be, reactivity 

measurements of the 35-component mixture were repeated with the inclusion of 4.6 and 15.0 ppbv 

of NO, concentrations comparable to the mean and maximum observations from the 2010 Clearflo 

campaign at the North Kensington, London site (5.5 and 11.9 ppbv based on an easterly flow).171 

When conducting these experiments, the total flowrate in the setup was kept consistent with those 

used in previous experiments (500 sccm) with the zero air carrier gas flow reduced to accommodate 

the required flow rate of NO. As with the previous experiments discussed, measurements were 

repeated three times with the average rate taken. It was observed that the inclusion of NO into the 

system had a profound effect on the calculated rate, with a previously measured rate of (210 ± 20)    

s-1 dropping to (64 ± 20) and (27 ± 30) s-1 in the presence of 4.6 and 15.0 ppbv of NO respectively. 

It is therefore clear that the current experimental setup would not be suitable for measuring ambient 

air reactivity unless in low NOx conditions (< 10 pptv) such as those experienced in remote marine 

environments and rainforests. It is acknowledged, however, that within these environments the lack 

of sensitivity of the instrument may prove to be an issue instead.  

4.4.2 AtChem Simulations 

4.4.2.1 Methane / Propane Mixture  

In order to investigate the impact of NO on the system, and the reproducibility of the experimental 

measurements, a set of idealised model simulations of the aforementioned experiments were carried 

out in AtChem. To minimise the complexity and uncertainty in the secondary chemistry involved, 

initial model runs were conducted investigating the CH4 / C3H8 system discussed in section 4.2.1. 

Primary reactions (VOC + Cl) were at first only considered to establish a baseline against which the 

impact of secondary chemistry could be compared. The model was initialised with CH4 and C3H8 

concentrations of 2.48 × 1012 molecules cm-3 which, based upon the literature rate coefficients, should 

yield a rate of 344 s-1. Under these conditions, however, a rate of 347 s-1 was calculated using the 

CRM technique. As discussed in section 3.3.2, this discrepancy arises from a combination of the non-
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pseudo first-order conditions that have been used in the experiment and the varying rate of reactivity 

of the sample and reference VOC with Cl over the course of a measurement.  

The impact of the increasing concentrations of NO on the CRM rate upon the addition of secondary 

chemistry, extracted from the MCM, is presented in Figure 4.7.157 Interestingly, it is initially observed 

that under low NO concentrations (≤ 2 ppbv) the model rate is greater than that calculated when 

considering only primary reactions. Such an increase in rate can only arise following an increase in 

the C3 concentration, indicating that either the amount of Cl-atoms available to react with (C2H5)2O 

has been reduced or that the concentration of CH4 and C3H8 within the system has been reduced 

through reaction with another radical such as OH. To probe the source of this reduction, analysis was 

conducted on the loss rates of Cl. Whilst losses to (C2H5)2O, CH4 and C3H8 dominate, it is observed 

that losses to HCHO, and to a lesser extent HO2, are also present. These contributions increase as the 

concentration of NO within the system increases as shown in Figure 4.8(a); a result of the elevated 

levels of HCHO and HO2 following the oxidation of (C2H5)2O and C3H8 (and to a lesser extent CH4). 

Removal of the aforementioned Cl sinks from the mechanism brings the calculated rate within these 

region below the primary rate, following the trend observed at the higher NO concentrations as shown 

in Figure 4.8(b).  

 

 

 

 

 

 

 

 

 

 

Figure 4.7. CRM calculations derived for the CH4 / C3H8 mixture considering the full mechanism and 

primary reactions only. 
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Figure 4.8. (a) Breakdown of the Cl losses observed with the full mechanism for the CH4 / C3H8 mixture 

within AtChem. (b) Impact on calculated rate upon the removal of the HO2 and HCHO sink reactions from 

the model. 
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As expected based on the increased HCHO and HO2 production from the oxidation of (C2H5)2O, the 

observed decrease in the CRM rate at higher NO concentrations is the result of increasing formation 

of OH and subsequent reaction with the reference VOC as summarised in Figure 4.9(a). Analysing 

the production rates of OH, the dominant source in the absence of NO is the reaction between Cl and 

HO2 - responsible for 96% of the total OH production. Upon initialising the model with 1 ppbv of 

NO, however, this contribution drops to just 6%, with the reaction between NO and HO2 

subsequently accounting for 94% of the OH production within the system. The removal of the 

reaction between (C2H5)2O and OH brings the resulting calculated rates into much better agreement 

with the primary rate as shown in Figure 4.9(b), with the slight offset at higher concentrations of NO 

attributed to the loss of CH4 and C3H8 through reaction with OH instead. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. (a) Breakdown of the (C2H5)2O losses observed with the full mechanism for the CH4 / C3H8 

mixture. (b) Impact on calculated rate upon the removal of the OH + (C2H5)2O reaction from the model. 
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4.4.2.2 Isoprene  

Having developed a model which re-created the conditions of the CRM reactor for the CH4 / C3H8 

mixture, the impact of NO on measuring the reactivity of C5H8 was analysed. As the chemistry of 

C5H8 with Cl is not included in the MCM, additional reactions were added based upon the mechanism 

proposed by Wennberg et al. as presented in Figure 4.10.213 Briefly, C5H8 predominantly reacts with 

Cl via an addition mechanism with theoretical studies conducted at 300 K determining branching 

ratios for this pathway of 0.40:0.02:0.08:0.50 at the 1:2:3:4 positions respectively.214 Experimental 

measurements have also identified the abstraction of a methyl hydrogen to yield HCl and an allylic 

radical, with NASA JPL recommending a branching fraction of 0.15 at 298 K for this pathway; an 

average of the values obtained from the aforementioned experimental measurements.179, 203, 204, 215-217 

Combining both these pathways, and by assuming that the addition of Cl to the inner carbon atoms 

of the double bonds is negligible, Wennberg et al. recommend branching fractions of 0.15:0.38:0.47 

for the abstraction : 1-addition : 4-addition pathways respectively at 298 K. The resulting radicals 

rapidly react with O2 to form peroxy radicals. In the case of the addition products, whilst the fate of 

these peroxy radicals has been proposed by Wennberg et al. the rate constants for their reactions with 

HO2 and NO are unknown. To account for this, the peroxy radicals are treated instead as species 

which already exist as part of the MCM C5H8 mechanism (CISOPAO2, ISOPDO2, CISOPCO2 and 

ISOPBO2), in which the structures only differ by having an OH functional group as opposed to a Cl 

atom. For the abstraction pathway, the proposed mechanism terminates at the peroxy radical and as 

such no subsequent reactions are considered within the model.  

Figure 4.10. Mechanism and rate constants for the reaction between Cl and C5H8 used within the AtChem 

simulations alongside the existing MCM mechanism. 
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Reactions of Cl with the major first-generation products of the oxidation of C5H8 methyl vinyl ketone 

(MVK) and methacrolein (MACR) were also added to the model, with the incorporated schemes 

presented in Figures 4.11(a) and (b) respectively. Product yields for these reactions were estimated, 

and scaled to 100%, based on Kaiser et al. and Orlando et al.,175, 218 with a rate coefficient of 2.1 ×     

10-10 and 2.2 × 10-10 cm3 molecule-1 s-1 for MVK and MACR respectively obtained from JPL.179 

Peroxy radicals formed following the addition of Cl are treated as their OH counterparts (highlighted 

in bold in Figure 4.11) in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Mechanism and branching ratios for the reaction between Cl and (a) MVK, (b) MACR used 

within the AtChem simulations alongside the existing MCM mechanism. 
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The model runs were initialised with an C5H8 mixing ratio of 31.2 ppbv which, based upon a rate 

constant of 4.07 × 10-10 cm3 molecule-1 s-1, should yield a rate of 312 s-1. As was found with the CH4 

/ C3H8 model runs however, there is an offset between the modelled CRM derived rate and the 

literature rate of 30 s-1 and as such this value will be used as the baseline against which the impact of 

secondary chemistry will be considered. With respect to the changes observed upon the introduction 

of NO into the system, the trend is comparable to that observed with the CH4/C3H8 mixture as shown 

in Figure 4.12(a). Upon considering the full mechanism, we initially obtain a CRM rate greater than 

that calculated from the primary reactions, a feature arising from the loss of Cl radicals through 

reaction with either HO2 or HCHO, whilst the general decrease in the calculated rate with elevated 

NO concentrations coincides with increased losses of (C2H5)2O to OH as depicted in Figure 4.12(b). 

Upon the removal of this reaction from the mechanism the calculated rate increases, although the 

trend of decreasing rate with NO is still observed due to the loss of C5H8 through the reaction with 

OH - increasing the amount of Cl available to react with (C2H5)2O.  

One notable difference between the two systems is that, upon the removal of the reaction between 

(C2H5)2O and OH, the calculated rate is initially greater than that obtained when considering only the 

primary reactions at NO concentrations below 10 ppbv. This difference arises from the additional Cl 

loss pathways through MACR and MVK; the contributions of which are shown in Figure 4.12(c). In 

general, the loss of Cl to both species increases as the NO concentration increases due to the 

additional oxidation of C5H8 brought about by the elevated levels of OH within the system.  
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Figure 4.12. (a) CRM calculations derived from the AtChem simulations of the C5H8 system. Breakdown of 

the (b) Cl, (c) (C2H5)2O losses observed with the full mechanism for the C5H8 system. 
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4.4.2.3 35-Component Mixture  

As the model runs of the previous systems identified that NO could have a substantial impact on the 

CRM rate as a result of the secondary chemistry it introduces, the 35-component mixture was 

modelled within AtChem to determine if a similar rate could be obtained to that calculated during 

the experimental measurements. The rate coefficients used within the model are given in Table 4.1 

with the mechanisms of MACR and MVK outlined in the previous section incorporated in the model 

to account for the presence of C5H8 within the gas mixture. It should be noted that both cyclopentane 

and 2,2,4-trimethylpentane do not exist within the MCM and as such only their primary reactions are 

considered within the model. As with the previous two systems, it was found that there was a 

discrepancy between the CRM calculated rate and that obtained from the literature rate coefficients 

(149 and 167 s-1 respectively). A breakdown of the model runs as conducted for the previous two 

systems is given in Figure 4.13. The explanation for the trends observed upon each adjustment of the 

model is consistent with that of the other systems and as such will not be repeated here.  

In comparison to the experimental measurements, the model calculated CRM rate in the absence of 

NO, 162 s-1, is lower than the experimentally measured rate of 210 s-1. It should be noted, however, 

that the rate is still within the uncertainty of the measured rate and also does not take into account 

the uncertainty in the rate coefficients used in the model. When considering the impact of NO on the 

system, however, there is a much poorer agreement between the model and the experimentally 

derived rates. Considering first an NO concentration of 5 ppbv, the model derived rate drops by 7.2 

s-1 when compared to initialising the model without NO. By comparison, whilst using a lower NO 

concentration of 4.6 ppbv, the CRM rate dropped by 146 s-1 in the experimental measurements. 

Similarly, at 15 ppbv NO, the experimental rate dropped by 183 s-1 whilst a decrease of 60.1 s-1 was 

observed within the model. Whilst some discrepancy between the model and experimental 

measurements could be rationalised by the missing secondary chemistry of cyclopentane and 2,2,4-

trimethylpentane, the magnitude of difference observed here indicates that there must be a much 

more significant source of OH that is not currently being considered within this analysis and as such 

will be explored further herein. 
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Figure 4.13. CRM calculations derived from the AtChem simulations of the 35-component system. 
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4.5  Impact of Photolysis on Reactivity Measurements 

One factor not considered within the previous AtChem simulations was the impact of photolysis on 

the gas standard being analysed, a potential source of additional OH radicals which may account for 

the discrepancy between the model calculated rates and the experimental measurements. As 

discussed in section 1.2, the predominant source of OH within the troposphere stems from the 

photodissociation of O3. As O3 should not be present in any of the gas standards, nor the zero-air 

carrier gas, this is unlikely to be a significant contributor to OH formation within the lab experiments. 

It is, however, acknowledged that this may act as a source of OH when measuring ambient air, and 

as such will be incorporated into the model. The photolysis of HCHO, already identified as being 

present at appreciable levels such that it can contribute to ~ 1% of the total Cl sink within the setup, 

is an additional potential source of OH radicals within this work. Through one of the photolysis 

channels, reaction 4.2, HCO and H radicals are generated from HCHO which can rapidly react with 

O2 to produce 2 HO2 radicals. As discussed previously this can then go on to react with NO to 

generate OH alongside NO2.  

To a lesser extent, the photodissociation of any hydrogen peroxide and other oxygenated VOCs 

produced within the system may also function as a source of OH. To evaluate the importance of these 

processes, photolysis rates were calculated alongside additional existing photochemical reactions 

within the MCM. Calculations were achieved in a similar fashion to that used during the lamp flux 

measurements in section 3.4.3, with a correction factor obtained by scaling the jCl2 valued used in 

AtChem to the lamp power output supplied by the manufacturer. A summary of the reactions added 

to the model, the calculated photolysis rates, and sources of the absorption cross sections and 

quantum yields used during these calculations is given in Table 4.2.     

 

 

 

 

 

 

 HCHO + hν → H + HCO                    λ < 330 nm (Reaction 4.2) 

 H + O2
 + M → HO2 + M                    (Reaction 4.3) 

 HCO + O2
 → HO2 + CO                   (Reaction 4.4) 
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Table 4.2. Summary of the photolytic reactions, their literature absorption cross sections and quantum yields, 

incorporated within the AtChem models and the calculated rates used in this study. †A quantum yield of 1 is 

assumed over the modelled wavelength based on the work of Peeters et al.219 

Reaction MCM 

Designation 

Calculated 

j value / s-1 

Absorption 

Cross 

Section 

Quantum 

Yield 

O3 → O(1D) + O2 1 1.60 × 10-2 220 202 

O3 → O(3P) + O2 2  2.95 × 10-3 220 202 

H2O2 → 2OH 3 6.07 × 10-4 202 202 

NO2 → NO + O(3P) 4 9.93 × 10-2 202 202 

HCHO → H + HCO 11  1.57 × 10-3 15 15 

HCHO → H2 + CO 12 1.07 × 10-3 15 15 

CH3CHO → CH3 + HCO 13 1.05 × 10-3 15 15 

C2H5CHO → C2H5 + HCO 14 2.49 × 10-3 15 15 

C3H7CHO → n-C3H7 + HCO 15  7.88 × 10-4 15 15 

C3H7CHO → C2H4 + CH3CHO 16 3.75 × 10-4 15 15 

(CH₃)₂CHCHO → n-C4H9 + HCO 17 2.83 × 10-3 221 222 

C4H6O (MACR) → CH2=CCH3 + HCO 18 1.63 × 10-5 15 15 

C4H6O (MACR) → CH2=C(CH3)CO + H 19 1.63 × 10-5 15 15 

C5H8O3 → CH3C(CHO)=CHCH2O + OH 20 8.36 × 10-3 223 † 

CH3COCH3 → CH3CO + CH3 21 4.42 × 10-4 224 225 

CH3CH2COCH3 (MEK)→ CH3CO + C2H5 22 3.43 × 10-4 221 226 

CH3COCHCH2 (MVK) → CH3CHCH2 + CO 23 8.78 × 10-5 223 223 

CH3COCHCH2 (MVK) → CH3CO + C2H3 24 8.78 × 10-5 223 223 

C2H2O2 (GLYOX) → 2 CO + H2 31 4.74 × 10-4 227 228 

C2H2O2 (GLYOX) → HCHO + CO 32 1.25 × 10-3 227 228 

C2H2O2 (GLYOX) → 2HCO 33 1.49 × 10-3 227 228 

C3H4O2 (MGLYOX) → CH3CO + HCO 34 2.02 × 10-3 229 230 

C4H6O2 (BIACET) → 2 CH3CO 35 1.99 × 10-3 231 232 

CH3OOH → CH3CO + OH 41 2.33 × 10-4 15 15 

 

4.5.1 Methane / Propane Mixture 

Repeating the AtChem modelling of the CH4 / C3H8 mixture with the photolysis reactions included, 

a significant increase is observed in the loss of (C2H5)2O through reaction with OH as shown in 

Figure 4.14(a). This is reflected in the calculated reactivity rate, given in Figure 4.14(b), in which the 

addition of these reactions results in a decrease in the calculated rate by as much as 53 s-1 at an NO 

concentration of 25 ppbv. Analysing the production rates for OH within the model runs, the 
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photodissociation of H2O2 is simulated to contribute 2% of the OH generated within the system in 

the absence of NO. Upon introducing NO into system, production of OH via this pathway is 

negligible. Instead, the reaction between HO2 and NO continues to be the dominant source of OH 

within the setup, accounting for 81% of its production in the presence of 1 ppbv of NO and up to 

98% at 25 ppbv. With regards to the sources of this increase in HO2, the photodissociation of HCHO 

is fairly minor, accounting for only 2% at 25 ppbv of NO. Removal of this pathway from the 

mechanism results in an increase of just 2 s-1 in the CRM rate. Instead, the dominant sources of HO2 

within these model runs are C2H5OCH3O (ETOMEO, 52%), CH3O (15%), i-C3H7O (15%) and n-

C3H7O (12%). As all of these species were present in the system in the original AtChem simulations, 

it is clear that their concentrations must be increased via the photolysis of precursor species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. (a) Breakdown of the (C2H5)2O losses observed in the CH4 / C3H8 system with/without 

photolysis within the AtChem simulations. (b) Corresponding CRM calculations. 
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4.5.2 Isoprene 

As with the CH4 / C3H8 mixture, the addition of photolysis into the C5H8 mechanism has a significant 

impact on the level of contribution OH has on the loss of (C2H5)2O as depicted in Figure 4.15(a), 

with the resulting CRM rates given in Figure 4.15(b). Again, the reaction between NO and HO2 is 

the dominant source of OH within the system, accounting for 93% at 25 ppbv NO, with 2% of this 

being derived from the photolysis of HCHO. The photolysis of MVK provides a negligible 

contribution (< 0.1%) to the formation of HO2 despite both photodissociation pathways of MVK 

yielding H and HCO radicals like HCHO. This, however, can be justified upon comparing the rates 

at which both species are photolysed, with HCHO undergoing photodissociation at approximately 2 

orders of magnitude greater than MVK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. (a) Breakdown of the (C2H5)2O losses observed in the C5H8 system with/without photolysis 

within the AtChem simulations. (b) Corresponding CRM calculations. 
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4.5.3 35-Component Mixture 

Whilst consideration of photolytic processes results in an increase in the fractional loss of (C2H5)2O 

to OH and a subsequent reduction in the modelled reactivity rate for the 35-component mixture, as 

depicted in Figures 4.16(a) and (b) respectively, a significant discrepancy is still observed between 

the modelled and experimental reactivity measurements. For example, whilst the CRM rate was 

simulated to drop from 101 s-1 to 84 s-1 at 15 ppbv NO, such a rate is still approximately a factor of 

3 greater than the experimentally derived rate of 27 s-1. Similarly, the rate simulated following the 

addition of 5 ppbv NO (151 s-1), is 87 s-1 faster than the experimentally derived rate obtained at a 

lower NO concentration of 4.6 ppbv. Both discrepancies are in excess of the 30% uncertainty in the 

measured rate, potentially indicating that there is an additional source of OH which is not being 

considered within the simulations. By considering the C1 and C2 concentrations used in the 

simulations, the difference in rates would suggest an additional 2.5 and 1.7 ppbv of OH that is 

unaccounted for within the model simulations following the addition of 4.6 and 15 ppbv NO 

respectively.  

To gain confidence that the chemistry within the model is representative of the experimental 

conditions, it is therefore recommended that additional rate measurements are conducted at various 

NO concentrations within the range that has been studied here. Furthermore, as it has been 

established that the introduction of NO into the CH4 / C3H8 mixture would have a significant impact 

on the calculated rate, it is recommended that these experiments are initially conducted for that 

system since the secondary chemistry associated with both species is simpler and better understood 

than that of the 35-component mixture. Unfortunately owing to a lack of access to the SIFT-MS, 

these studies could not be conducted as part of this thesis.  
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Figure 4.16. (a) CRM calculations derived from the AtChem simulations of the 35-component system upon 

the addition of photolytic reactions. (b) Breakdown of the (C2H5)2O losses observed with the full mechanism. 
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4.6  Secondary Chemistry Mitigation 

As it is clear both from the AtChem simulations and the experimental observations that the developed 

Cl-CRM instrument is not suitable for measuring ambient air in environments with significant levels 

of NOx due to the NO interference, attention shifted to identifying a potential route by which this 

secondary chemistry could be mitigated. One clear route in which this could be achieved is through 

introducing the reference VOC and sample downstream of the photolysis of Cl2, however as attempts 

to achieve this with the CRM reactor used in this work were found to be unsuccessful, this would 

require the re-designing of the reactor and potentially a new photolysis source. As such this section 

investigates the options available to achieve this utilising the existing setup, although alternative 

reactor designs will be explored in section 4.7.2 later in this chapter. In general, three different 

avenues were explored; the use of an OH scavenger that could be introduced into the system to react 

with any OH formed over the course of the measurement, an adjustment of the residence time within 

the reactor to minimise the length of time available for secondary chemistry to occur, and a correction 

factor to account for the NO artifact. A detailed discussion of these is presented in the following sub-

sections.  

4.6.1 OH Scavenger 

In order to prevent the addition of another Cl loss mechanism within the CRM setup, any scavenger 

species used would either need to react solely, or at least preferentially, with OH. Beyond its lack of 

reactivity with Cl, the use of CO for this application would be desirable as it is not detectable through 

SIFT-MS and as such would not consume reagent ions which would otherwise reduce sensitivity. 

Furthermore, the chemistry between CO and OH is well established as summarised by the following 

reactions: 

As HOCO rapidly reacts to form HO2 and CO2 in the presence of excess O2, both reaction pathways 

would ultimately yield the same products within the CRM reactor.233 As such, the rate constant                     

2.4 × 10-13 cm3 molecule-1 s-1 can be used to represent k3 alone.15  Since these reactions are well 

understood, it follows that any additional secondary chemistry which may arise from its addition, in 

particular following the formation of HO2, can be quantified within the AtChem models with a high 

degree of confidence. The key drawback however with the use of CO is its associated health and 

safety risks owing to its odourless, tasteless, and colourless properties. This would require the 

operator or building within which the setup is housed to have a CO alarm to ensure that the operator 

is not unknowingly exposed to a potential leak. Should CO be found to be unfeasible, a potential 

 CO + OH → H + CO2                           k3
 (Reaction 4.5) 

 H +  O2 + M → HO2 + M                                 k4 (Reaction 1.12) 

 CO + OH + M → HOCO + M                     k5 (Reaction 4.6) 

 HOCO +  O2 → HO2 +  CO2                          k6 (Reaction 4.7) 
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alternative is benzene (C6H6). Whilst reactions between Cl and C6H6 have been reported, the reaction 

proceeds at a rate approximately three orders of magnitude slower than analogous reaction with OH 

(1.2 × 10-12 and 1.3 × 10-15 cm3 molecule-1 s-1 for OH and Cl respectively).177, 234 Careful consideration 

of the concentration of C6H6 used would be required so as to not significantly deplete the NO+ reagent 

used to monitor the concentration of (C2H5)2O as the species is measurable with SIFT-MS. As C6H6 

reacts with OH five times faster than CO, however, it would be expected that lower concentrations 

would be required. If the required concentration is low enough, the ability to monitor the 

concentration of C6H6 would enable changes in the concentration of OH to be observed in real-time.  

To determine what concentrations of C6H6 and CO would be required to supress the impact of OH 

on the calculated rates, AtChem simulations were conducted for the CH4 / C3H8 system. A 

concentration of 2.48 × 1012 molecules cm-3 was used in each model, as in sections 4.4 and 4.5, with 

the models also initialised with 25 ppbv of NO and the previously discussed photolytic reactions to 

represent the most extreme secondary chemistry impacts. The corresponding rates calculated from 

each iteration of the model are given in Figures 4.17(a) and (b) for CO and C6H6 respectively. For 

both species it was found that the necessary concentrations to quench any OH formed would be too 

high for use within the CRM setup for this to be a feasible approach. In the case of C6H6 this is due 

to the significant depletion of reagent ions that would arise at a concentration of 10 ppmv - impacting 

the instrument’s sensitivity towards the depletion of (C2H5)2O. It should also be noted that at this 

level 5.2% of the (C2H5)2O depletion still arises from its reaction to OH, as reflected by the calculated 

rate being 60.8 s-1 lower than the theoretical rate. As such, higher concentrations of C6H6 would still 

be required which would further compound this issue. With respect to CO, at a concentration of 1000 

ppmv, the OH contribution towards the loss of (C2H5)2O drops to 0.5%, resulting in a calculated 

CRM rate of 352 s-1.Whilst this is an excess of the theoretical 344 s-1 rate, the overestimation can be 

attributed to the previously discussed losses of Cl to HCHO and HO2. It should also be noted that the 

reaction between CO and OH to generate HO2 contributes to the Cl sink, as reflected by the loss of 

Cl to HO2 increasing from 0.05% in the absence of CO to 0.8% at 1000 ppmv CO. Considering this, 

whilst the use of 450 ppmv of CO is simulated to result in a 1.08% loss of (C2H5)2O through reaction 

with OH, the modelled reactivity rate (343.5 s-1) is within 0.1% of the theoretical rate, indicating that 

lower concentrations of CO could be utilised. Such concentrations are still likely to pose serious 

health and safety risks and therefore the use of an aforementioned CO detector and operation of the 

instrument in a well-ventilated environment would be necessary for this approach to be valid. 

Combining the use of CO with another measure to minimise the production of OH would enable 

lower concentrations to be used and therefore further minimise the H&S risks. 
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Figure 4.17. Simulated impact on the calculated CRM rate upon the addition of (a) CO, (b) C6H6 to the CH4 / 

C3H8 system. Dashed line represents the theoretical rate of reaction.   

4.6.2 Adjusting Residence Time  

Reducing the time available for NO to react with any HO2 generated within the reactor can either be 

achieved by increasing the total flow rate through the system or by reducing the volume of the glass 

reactor. Such changes would however also reduce the time available for Cl2 to be photolysed, leading 

to the need for higher concentrations to be introduced into the reactor to generate the same level of 

Cl radicals – a potential issue if Cl2 itself reacts with any VOCs present within the air sample. To 

identify what residence time would be required to achieve this, analysis of the CH4 / C3H8 system 

was repeated using photolysis durations of 2, 3 and 5 seconds, with the results compared to the 

original 10 second model runs. Each model run included an additional second in which photolysis 

was switched ‘off’ to account for the residence time within the sample line before connecting to the 

SIFT-MS. To identify the necessary concentration of Cl2 required at each residence time, the models 

were first initialised considering only (C2H5)2O and Cl2, as to represent the C1-C2 stage of the CRM 

method, and iterated until a 35 ppbv depletion in (C2H5)2O was obtained. It was found that these 

changes would require the concentration to be increased from 60 ppbv to 111, 178 and 263 ppbv if 

photolysis durations of 5, 3 and 2 seconds were pursued. Upon identifying these values, CH4, C3H8 

and NO were added to the model using the concentrations from section 4.6.1. The calculated rate of 

reaction for each residence time and the contribution of Cl and OH towards the depletion of (C2H5)2O 

is summarised in Figures 4.18(a) and (b) respectively. Whilst the loss of (C2H5)2O to OH was found 

to be roughly halved upon reducing the photolysis duration to 2 seconds, this pathway still accounted 

for 9.7% of its total loss resulting in a calculated rate 125.3 s-1 lower than the literature derived rate. 

Disregarding the residence time within the sample line, it is clear that most of the secondary 

chemistry takes place within the photolysis flow tube itself as reflected by the calculated rate 
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differing by a maximum of 5 s-1 across all of the model runs. As such, reducing the residence time 

within the glassware on its own would not resolve the issue of secondary chemistry.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. (a) Simulated impact on the calculated CRM rate upon adjusting the photolysis duration. (b) 

Corresponding impact on (C2H5)2O losses. 

4.6.3 Combining Both Approaches 

As neither approach was found to be suitable on their own, the reduced residence time models were 

iterated with increasing levels of CO to identify whether a combination of both methods would 

provide a viable solution to minimise the impact of the OH generated within the current system. The 

resulting calculated rates are given in Figure 4.19(a) with a breakdown of (C2H5)2O losses in Figure 

4.19(b). By comparison to the analysis for the existing 10 second photolysis duration, reducing the 

residence time to either 3 or 2 seconds would result in the CO concentration required to bring the 

OH contribution to (C2H5)2O losses down to 1% being reduced by ~ 50% (from 450 ppmv to 250 

and 200 ppmv respectively). At such an OH contribution, the loss of Cl to HCHO and HO2 begins to 

have a larger impact on the calculated rate rather than losses of the reference compound to OH. As 

such, further addition of CO is considered unnecessary, with concentrations as low as 150 and 100 

ppmv yielding reactivities within 0.3 and 2.6% of the theoretical rate respectively when combined 

with a 2 second residence time. It therefore follows that if a reactor redesign to enable the addition 

of the reference VOC and sample downstream of the Cl2 photolysis is found to be unfeasible, it is 

recommended that the existing glass flow tube used within this work is replaced by a new cell with 

a 2 second residence time. To gain confidence in the model, it is then recommended that a series of 

lab experiments are conducted in which the reactivity of the CH4 / C3H8 mixture is measured with 25 

ppbv NO and increasing concentrations of CO up to 250 ppmv to ensure that the calculated rates are 

in agreement with those obtained within the model. If this is found to be the case, and if the rates 
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calculated with and without NO for the C5H8 and the 35-component mixture are comparable, then 

the instrument is likely in a position where it would be suitable to measure ambient reactivity with 

the caveat that any species within the sample of interest which absorbs at wavelengths > 280 nm may 

undergo some photolytic losses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. (a) Simulated impact on the calculated CRM rate upon a combined adjustment of the photolysis 

duration and addition of CO. (b) Corresponding impact on (C2H5)2O losses. 
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4.6.4 Correcting for the NO Artifact 

To avoid the need to add CO into the system, if the CRM measurements are made alongside 

concurrent measurements of NO, the impact of the formation of OH from the reaction between NO 

+ HO2 can be corrected for. To achieve this, following a similar approach as conducted by Michoud 

et al.,136 a plot of the variation in C3 (the difference between the expected C3 concentration and the 

modelled concentration owing to losses to OH) as a function of NO for all three systems examined 

in sections 4.3 and 4.4 was derived through AtChem simulations. By applying a quadratic regression 

function forced through the origin to the above plots, a corrected C3 concentration can be obtained 

using equation 4.9 where a and b denote fitting parameters obtained from the quadratic regression 

function: 

 𝐶3
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  =  𝐶3

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑  + (𝑎[𝑁𝑂]2 + 𝑏[𝑁𝑂])               (Equation 4.9) 

The resulting quadratic fits for all three systems are presented in Figure 4.20. Owing to the 

discrepancy observed between the modelled and experimental impact of NO for the 35-component 

mixture, the use of such quadratic fits is not currently feasible. Furthermore, whilst the impact of NO 

on different VOC mixtures has not been investigated as part of this work, the AtChem simulations 

suggest that the composition of the sample has a significant impact on the required correction factor. 

As this would be unknown when conducting ambient measurements, the use of a general correction 

factor would add an additional source of uncertainly in the calculated reactivity rate. Consequently, 

physical methods to mitigate the impacts of secondary chemistry within the CRM setup would likely 

be the most suitable option for this application.    
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Figure 4.20. Simulated changes in the C3 concentration as a function of NO for the CH4 / C3H8, C5H8 and 

35-component mixture systems. 

 

4.7 Potential Modifications to the CRM Setup  

Whilst potential mitigating conditions for the existing experimental setup have been identified, it is 

noted that the use of CO, even at the levels proposed in section 4.6, will still require additional health 

and safety measures to be put in place to prevent the user from being exposed to any potential leaks. 

As such, this section will look at two potential changes that could be made in an attempt to prevent 

the need of CO addition within the reactor, or at least reduce the concentrations required; the use of 

a new reference VOC with a greater difference between kCl and kOH than (C2H5)2O, and a reactor re-

design which would allow for the air sample to be introduced after photolysis has occurred.   

4.7.1 The Ideal Reference VOC 

Based on the published rate constants (2.57 × 10-10 and 1.32 × 10-11 cm3 molecule-1 s-1),169, 170 

(C2H5)2O reacts with Cl approximately 20 times faster than with OH. Increasing this differential 

would help to minimise the fraction of reference VOC lost to OH under comparable concentrations. 

To identify what ratio would be required to achieve this, and thus determine whether or not a suitable 

VOC exists, iterations of the CH4 / C3H8 system with 25 ppbv NO were conducted using the (C2H5)2O 

mechanism as a baseline and gradually increasing the rate constant for its reaction with Cl. Photolysis 

was conducted over a period of 10 seconds so as to re-create the conditions of the existing reactor. 
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As can be seen in Figure 4.20, even when considering a VOC which reacts 500 times faster with Cl 

than OH, some losses to OH would still occur (estimated to account for 3.4% under these conditions) 

resulting in an underestimation of the reactivity by 36.5 s-1. It is therefore clear that simply changing 

the reference VOC used within the setup would not be sufficient on its own to mitigate any secondary 

chemistry. Consequently, the model runs were repeated with the addition of 50 ppmv of CO, an 80% 

reduction of the concentration recommended for the existing system in section 4.6.3. Under these 

conditions, the OH contribution was significantly reduced as depicted in Figure 4.21, dropping to 

below 1% at kCl : kOH ratios greater or equal to 170. It is noted that within this region the CRM begins 

to overestimate the reactivity within the system, a trend observed due to the previously discussed 

non-pseudo first-order conditions present within the system. With respect to potential reference 

compound, such a difference in reactivity with Cl and OH is often observed within alkanes however 

the use of such VOCs is likely to pose several issues due to the additional criteria of the CRM. As 

the reference compound should not be present at detectable levels within ambient air to avoid 

complications during analysis, the use of longer chain hydrocarbons would be required. Studies of 

the Cl reactivity of such species are however limited which will introduce a large degree of 

uncertainty within the CRM measurement with respect to the rate constants used in the calculation 

Typically, the kCl : kOH ratio for these species is also smaller than their shorter chain counterparts (e.g. 

47 and 49 for C10H22 and C9H20 respectively compared to 247 and 127 for C2H6 and C3H8). An 

alternative approach would therefore be the use of a deuterated short chain alkane. Such a change 

would, however, require the use of a different detection system to monitor the reference VOC. As 

previously discussed, whilst it is possible to measure short chain hydrocarbons through SIFT-MS 

using the O2
+ reagent ions, due to the slow charge transfer rates, this would require the reference 

VOC to be introduced at excessive concentrations. One potential detection system which could be 

used in this instance is GC-MS, however, such a change would likely be at the expense of response 

time if pre-concentration of the sample is required.  
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Figure 4.21. Simulated impact of adjusting the kCl : kOH ratio on (a) the CRM derived rate (b) the losses of 

the reference VOC within the system with and without CO. The dashed line in (a) represents the literature 

reactivity of the CH4 / C3H8 mixture used to initialise the model run. 
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360

320

280

240

200

160

120

C
R
M
 R
a
te
  
 s
-1

500450400350300250200150100500

kCl   kOH Ratio

           
          

(a) 

100

96

92

88

84

80

C
o
n
tr
ib
u
ti
o
n
 t
o
 D
ie
th
 
l 
E
th
er
 D
ep
le
ti
o
n
 
  
 

500450400350300250200150100500

kCl   kOH Ratio

20

16

12

8

4

0

                   
                               

 
                   
                               

(b) 



118 

 

the reactor such that the photolysis of Cl2 is conducted prior to the addition of both the sample and 

the reference VOC is an essential next step. Two potential designs by which this could be achieved 

are given in Figure 4.22. The first design, Figure 4.22(a), utilises a U-bend quartz reactor, in which 

the carrier gas and Cl2 are introduced together along the length in which the LDLS has been directed. 

The reference VOC and the sample are then introduced at the other side of the U-bend so as to 

minimise their exposure to the light source. Such a design would, however, be highly dependent on 

the Cl2 being introduced into the reactor under a laminar flow so as to minimise losses of the 

generated Cl-atoms to the reactor walls. For a straight piece of tubing, the nature of the flow can be 

determined using the Reynolds equation:  

                  Re =  
𝜌 𝜈 𝐿

𝜇
                                   (Equation 4.10) 

Where: 

• Re is the Reynolds number 

• ρ is the density of the gas mixture 

• ν is velocity of the gas 

• L is the characteristic length of the flow tube 

• μ is the dynamic viscosity of a gas 

If the Reynolds number obtained is less than 2000, the flow through the system can be considered 

laminar. As the proposed design is non-linear, however, the flow properties would not be uniform 

throughout the reactor. As a result, modelling of the system using computational fluid dynamic 

software would be required to determine what regime each point within the reactor would be under, 

and thus whether such a design would be feasible.  

The second proposed design, Figure 4.22(b), is based upon the IU-TOHLM instrument discussed in 

chapter 1.5 of this thesis.122 The reference VOC and Cl2 are introduced through a side arm into a 

quartz vessel, whilst Cl2 is introduced via a narrower moveable injector. Photolysis of Cl2 is achieved 

by the 365 nm emission from a phosphor coated Hg pen lamp seated within the moveable injector. 

The injector itself is made from amber borosilicate glass to minimise the transmission of light into 

the quartz vessel – reducing losses of photolabile species in the sampled air. Such a material is also 

chemically inert so as to prevent any additional loss mechanism of Cl prior to their reaction with the 

sample or reference VOC. The benefit of using a moveable injector, at the very least when 

characterising the instrument, is that the residence time for reaction can be controlled and therefore 

the impact of secondary chemistry. As with the first design, ensuring that there is laminar flow 

through the system will be critical in order to minimise wall loses.  
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Figure 4.22. Proposed reactor designs to minimise photolytic losses of VOCs during the CRM experiment. 

 

4.8 Conclusions  
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As discussed in the concluding remarks of chapter 3, such a working range would result in the 

instrument being unsuitable for deployment within clean environments. It is suggested that a change 

in the detection system used in this method, from SIFT-MS to PTR-ToF-MS providing lower levels 

of detection, may provide a resolution to this issue. An increase in the sensitivity would also enable 

the use of lower Cl atom concentrations, allowing for the system to be operated under conditions 

more closely resembling that of pseudo first-order.  
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At present, owing to the formation of OH radicals upon the sampling of NO, the instrument is also 

unsuitable for deployment in NOx polluted environments. Interestingly, whilst a reduction in the 

CRM rate was obtained using box model simulations, significant variation between the measured 

and modelled rates was obtained with the difference between the two suggesting up to 2.5 ppbv of 

OH which was unaccounted for. Mitigation techniques using the existing setup have been identified 

through the aforementioned simulations, with a reduction in the residence time and addition of 250 

ppmv of CO found to minimise the impact of this secondary chemistry interference. Switching to an 

alternative reference VOC with a greater kCl : kOH than (C2H5)2O is an alternative option, however 

this would still require the addition of CO and is likely to require the use of GC-MS as a detection 

system which may result in increased response times due to the need for sample pre-concentration. 

In all instances however, owing to the discrepancy between the modelled and observed impact of 

OH, further experimental measurements under such conditions are recommended in order to gain 

confidence in the model. 

A combination of the improved sensitivity and the implementation of measures to reduce the 

formation of OH would also increase the viability of using the CRM technique to measure unknown 

rate coefficients. Two designs have also been suggested which are proposed to enable the addition of 

both the reference VOC and the sample of interest after the photolysis of Cl2. Such a re-design of the 

reactor is an important next step in minimising photolytic interferences and further improving the 

suitability of the instrument for field deployment and expanding the range of VOCs for which rate 

coefficients could be derived when the instrument is not in the field.  

 

 

 

 

 

 

 

 

 

 

 

 

 



121 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 Gas- article  artitioning of Chlorine 

in Central Manchester 

 

 

 

 

 

 

 

 

 

 

 

 

  

Chapter 5 

 

Gas-Particle Partitioning of Chlorine in 

Central Manchester 



122 

 

5.1  Introduction 

Within the troposphere, HCl and pCl- are known to exist in equilibrium. As discussed in section 1.3, 

partitioning between the two states is dependent upon a number of factors including RH, liquid water 

content, particle pH and solute activity (α) - parameters which are in turn influenced by 

meteorological conditions such as ambient pressure and temperature as well as the atmospheric 

composition.53 As the formation of photolabile reservoir species such as Cl2, ClNO2 and BrCl are 

dependent upon the level of chloride available to react in the particulate phase, an understanding of 

the partitioning between the two states is therefore vital if we are to improve our constraint on the 

Cl-atom budget and assess its importance as a tropospheric oxidant. Unfortunately, however, 

simultaneous measurements of pCl- and HCl, alongside the necessary supporting aerosol and gas 

phase composition measurements required for such analysis, are limited. The lack of these 

observational constraints in a range of different environments limits our ability to thoroughly 

investigate our understanding of this partitioning chemistry. In the few studies in which this has been 

investigated, thermodynamic models have been reported to capture the observed partitioning 

behaviour with varying degrees of success. A brief summary of these studies follows. 

5.1.1 Summary of Previous Studies  

Exploring the NH4
+ – Na+ – SO4

2− – NO3
− – Cl− – H2O system, the thermodynamic models 

ISORROPIA,147 SCAPE2,235 GEFMN and EQSAM2 were reported to underestimate pCl-, and 

subsequently overestimate HCl, at RHs < 90% in a study conducted by Trebs et al.236-238 A similar 

RH dependence has also been reported by Dasgupta et al. for the AIM thermodynamic model.239, 240 

It should be noted, however, that agreement between the modelled and measured concentrations of 

both species was obtained by Trebs et al. upon initialisation of the models with crustal species (Ca2+, 

Mg2+, K+) – either explicitly or as Na+ equivalents. Despite including these crustal species, 

overestimation of the measured HCl concentrations has also been reported by Sudheer et al. whilst 

using the ISORROPIA II thermodynamic model.241 Interestingly, unlike the previous two studies, no 

correlation between the model-measurement agreement and RH was observed. Haskins et al. have 

also reported poor agreement between the modelled and measured HCl/pCl- concentrations whilst 

using the ISORROPIA II model.53 In contrast to the previous studies, however, the model was found 

to underestimate the concentration of HCl by 5% whilst overestimating pCl- by a consistent factor of 

2. One reason proposed for this discrepancy was the absence of NaCl from the measured PM1 fraction, 

with the modelled concentration brought into agreement with the observed once this additional 

source of pCl- had been accounted for. An alternative reason proposed was thermodynamic 

inconsistencies within the model. Specifically, Haskins et al. suggest a reduction in the temperature 

dependence of the HCl effective equilibrium constant used within ISORROPIA II.  
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In contrast, however, good agreement between the thermodynamically modelled and observed 

HCl/pCl- phase partitioning has been obtained in other studies. For example, in a study conducted by 

Guo et al. using ISORROPIA II, the model was found to capture the concentration of both species to 

within 5%, biasing partitioning into the gas phase. Good agreement was also observed by Tao et al.,54 

although interestingly such a level of agreement could not be obtained for the PM1 size fraction, with 

the model only able to capture the partitioning of the PM2.5 fraction once crustal species were 

included, similar to that reported by Trebs et al. 

5.1.2 Chapter Objectives 

With such an uncertainty in the performance of thermodynamic models with respect to their ability 

to capture the partitioning behaviour of the chloride system, it is clear that further ambient 

measurements are required to scrutinise such models and understand the conditions under which 

discrepancies arise. The work presented in this chapter will analyse the partitioning behaviour of HCl 

and pCl- observed during the Integrated Research Observation System for Clean Air (OSCA) 

campaign. The results will then be used to assess the performance of the ISORROPIA II 

thermodynamic model, providing a further constraint to probe our understanding of the partitioning 

chemistry for an urban background site.  

5.2  Methodology 

5.2.1 Site Description 

Measurements during the OSCA campaign were made at the Manchester Air Quality Supersite 

(MAQS) between 10 June – 22 July 2021 and 5 February – 20 February 2022. The site is located at 

the Firs Environmental Research Station on the University of Manchester’s Fallowfield Campus 

(53.444° N, 2.214° W) approximately 3 miles south of Manchester city centre. Air masses sampled 

at the site are consequently believed to be strongly influenced by the surrounding urban environment.  

5.2.2 HCl – TILDAS 

Measurements of HCl during both campaigns were obtained using a HCl-TILDAS instrument 

(Aerodyne Research Inc, Billerica, MA, United States) by Dr John Halfacre of the University of York. 

Details of the underlying principles of this method have been provided in section 2.3. The instrument 

was housed within an air-conditioned shipping container and held at 25 °C over the measurement 

period. Air masses were sampled through a custom-built inertial inlet situated above the container 

roof, ~3 m above ground level. As described by Halfacre et al., 109 the inertial inlet is designed to 

remove large particulate matter (> 300 nm diameter)  from the sampled air so that the absorption and 

scattering of light by particulate is reduced within the system. To minimise wall loses of HCl during 

the sampling process, a small flow of perfluorobutanesulfonic acid (PFBS) vapour is introduced into 

the system in order to passivate the surfaces between the inertial inlet and the Herriott cell. Despite 
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these measures, 5.8% of the sampled HCl was calculated to be lost to the inlet surface, quantified 

through regular additions of a HCl permeation standard. Using integration times of 30 seconds, a 

limit of detection of 6 pptv was calculated. 

5.2.3 ISORROPIA II – Thermodynamic Equilibrium Partitioning Model 

The thermodynamic equilibrium model ISORROPIA II, used to investigate K+ – Ca2+ – Mg2+ – NH4
+ 

– Na+ – SO4
2− – NO3

− – Cl− – H2O aerosol systems, was employed to test our understanding of the 

partitioning of chloride between the gas and particulate phase during both campaigns and compare 

to the observed concentrations. Calculations were performed in “forward mode”, in which the total 

(gas + aerosol) concentrations of NH3, HCl, HNO3, and particulate concentrations of SO4
2-, are 

provided alongside ambient temperatures and relative humidities. A detailed description of how 

partitioning is calculated within the model has been described earlier in this thesis in section 2.4. 

Briefly however, the model solves a series of equilibrium equations based on the aforementioned 

conditions, incorporating water activity equations, activity coefficient calculations, electroneutrality, 

and mass conservation to determine the gas and aerosol concentrations at thermodynamic 

equilibrium. In all model calculations, the aerosol is assumed to be in a metastable state, in which 

salts do not precipitate if saturation is exceeded, owing to the high relative humidities experienced 

during both campaigns.  

5.2.4 Supporting Gas and Particulate Measurements 

A variety of techniques were employed to collect the supporting gas and particulate species 

concentrations required to investigate the thermodynamic partitioning of the chloride system using 

ISORROPIA II. Mass concentrations of non-refractory, submicron particulate SO4
2-, NO3

-, NH4
+ and 

Cl- were obtained using an Aerosol Chemical Speciation Monitor (ACSM, Aerodyne Research Inc, 

Billerica, MA, United States).242 In the context of ACSM, the term non-refractory refers to particulate 

material which can be vaporised at 600 °C. Consequently, the technique is unable to measure 

refractory species such as NaCl, NaNO3 and Na2SO4. 1 Hz NH3 measurements were obtained using 

a Los Gatos research ammonia analyser instrument (Enviro Technology Services Ltd, United 

Kingdom).243 HNO3 concentrations used in this work were obtained through the subtraction of 

observed NOx concentrations from NOy. Both NOy
 and NO concentrations were collected using a 

42i-Y chemiluminescent NOy analyser (Thermo Fischer Scientific, United States) at 20 second 

intervals.244 NO2 concentrations were recorded at 10 second intervals using a API T500U cavity 

attenuated phase shift instrument (Teledyne API, United States).245 To assess the feasibility of the 

measurement of HNO3 through this method, comparisons were drawn to HNO3 measurements 

recorded prior to the start of the OSCA campaign by a CIMS instrument using I- primary ions. The 

results of this intercomparison are discussed in section 5.3.2.4. Air samples for all of the 

aforementioned instruments (excluding CIMS) were collected 7m above the ground. For modelling 

in ISORROPIA II, all species concentrations were averaged over a period of 1 hour.  
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Particle size distribution measurements were obtained using a TSI 3082 scanning mobility particle 

sizer (SMPS, TSI Inc, United States), covering the diameter range 15 – 660 nm.246 PM2.5 and PM10 

particulate measurements were obtained using an XACT® 625i instrument (Acoem, France).247 The 

fine mode particulate measurements acquired by the ACSM was used in favour of the XACT 

measurements owing to the coarse mode chloride being dominated by non-volatile sea salt [personal 

communication, Dr James Allan, University of Manchester]. As with the previous instruments, air 

samples for the XACT and SMPS instruments were taken 7m from the ground,         

5.3  Results and Discussion 

5.3.1 Intercomparison of Seasonal Observations  

Hourly averaged pCl- and HCl concentrations measured during the summer and winter OSCA 

campaigns are depicted in Figures 5.1(a) and (b) respectively. Strong seasonal variability in the 

partitioning behaviour was observed, with the gas phase accounting for an average 66% of the total 

(PM1 pCl- + HCl) chloride fraction throughout the measurement period. Mixing ratios of HCl during 

this period ranged from 0 – 237.9 pptv (0 – 0.355 μg m-3), with a median concentration of 36.9 pptv 

(0.055 μg m-3). For pCl-, a median concentration of 0.023 μg m-3 was obtained within a range of 0 – 

0.366 μg m-3. By comparison, pCl- concentrations during the winter campaign were on average a 

factor of 18 times greater (median value of 0.385 μg m-3), ranging between 0.009 – 1.500 μg m-3. 

HCl concentrations over the same period were found to be lower than those obtained in the summer 

by a factor of approximately 2.5, ranging from 0 to 52.6 pptv (0 – 0.078 μg m-3) with a median 

concentration of 8.9 pptv (0.013 μg    m-3). As a result, the particulate phase was responsible for an 

average of 94% of the total measured chloride budget in the winter.  

Whilst source appointment studies were not conducted as part of this work, such a substantial 

increase in the concentration of pCl- during the winter could, in part, be attributed to an increase in 

localised sources such as residential wood and coal burning. As can be seen from the XACT 

measurements depicted in Figure 5.2, significant quantities of chloride were also observed in both 

the PM2.5 and PM10 size fractions during the winter OSCA campaign. Whilst no Na measurements 

were recorded by the XACT instrument, previous work in Manchester has shown that the course 

mode pCl- in the area is dominated by sea salt [personal communication, Dr James Allan, University 

of Manchester] as previously discussed. Consequently, the increased concentrations observed in the 

winter could also be attributed to increased sea salt transport as a result of stronger winds experienced 

over the measurement period, although it is likely this is a minor source when compared to the 

aforementioned localised sources. 
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Figure 5.1. Measured concentrations of HCl and ACSM PM1 pCl- during the (a) summer and (b) winter 

OSCA campaigns. 

  

 

 

 

 

Figure 5.2. XACT measurements of PM2.5 and PM10 particulate chloride recorded during the winter OSCA 

campaign. 
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Using the observations depicted in Figure 5.1, averaged hourly diurnal cycles of HCl and pCl- for 

both campaigns were derived. As can be seen in Figures 5.3, both species exhibited strong diurnal 

cycles during the summer, with minimum HCl concentrations in the range of 15 – 20 pptv (0.022 – 

0.030 μg m-3) observed between the hours of 22:00 – 04:00, before gradually increasing and reaching 

a maximum median concentration of 76.5 pptv (0.114 μg m-3) at 12:00. Conversely, pCl- 

concentrations were observed to be at their lowest (~ 0.011 μg m-3) around 13:00, whilst higher 

concentrations were observed at night – reaching a maximum of 0.037 μg m-3 at 04:00.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Average hourly diurnal cycle of HCl (top) and PM1 pCl- (bottom) during the summer OSCA 

campaign. Solid line represents the median species concentration. Shaded region represents the 25th and 75th  

By comparison, observations from the winter campaign showed no clear sign of diel patterns in the 

concentrations of both HCl and pCl-. With respect to the former, whilst elevated concentrations of 16 

– 17.2 pptv (0.024 – 0.256 μg m-3) were observed between the hours of 10:00 – 12:00, concentrations 

typically varied between 5.5 – 12 pptv (0.008 – 0.018 μg m-3) throughout the day as depicted in 

Figure 5.4. For pCl-, a gradual increase can be seen between 16:00 to 24:00, potentially arising from 

local biomass burning.  
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Figure 5.4. Average hourly diurnal cycle of HCl (top) and PM1 pCl- (bottom) during the winter OSCA 

campaign. Solid line represents the median species concentration. Shaded region represents the 25th and 75th 

percentile values. 

5.3.2 Observed and Modelled Partitioning Intercomparison 

5.3.2.1 Model Assumptions 

A key assumption of the ISORROPIA II thermodynamic model is that all aerosol particles are 

internally mixed, implying that particles of the same size have the same composition.147 

Consequently only submicron measurements of the particulate phase have been used in the 

simulations, as internal mixing of super-micron particles is less likely to occur. As the ACSM does 

not have the capability to measure particle size, such information was extracted from the SMPS 

measurements to aid in the interpretation of the particulate distributions in the two campaigns. Plots 

of the resulting average particle number density and surface area for the summer and winter 

campaigns are given in Figure 5.5. It should be noted that the SMPS data used for the winter 

campaign were obtained in the week prior and after the measurements of HCl as concurrent 

measurements were unavailable. From the SMPS measurements it is clear that the particulate 
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instrument only measuring particles with diameters between 40 nm - 1μm, it should be noted that 

this is unlikely to be a significant issue owing to the measured fractions accounting for 95 and 96% 

of the total surface area for each campaign.  

  

 

 

 

 

Figure 5.5. Average aerosol number size distribution recorded during the summer (red) and winter (blue) 

OSCA campaigns with corresponding aerosol surface area. The black dashed line represents the minimum 

sample size detectable by the ACSM (40 nm). 

The second assumption made during the ISORROPIA II simulations is that the aerosol exists in a 

metastable state, which as discussed in section 5.2.4, inhibits the formation of solid precipitates. 

Mean RHs of (72.2 ± 15) and (82.9 ± 9)% alongside minimum values of  37.4 and 64.0% were 

experienced during the summer and winter campaigns respectively. As previous reports have 

indicated deliquescence in some particles at RHs as low as 20%, it is likely that this is a valid 

assumption for the datasets used in this study.146, 248 

5.3.2.2 Base ISORROPIA II Simulations - Summer 

Intercomparisons of the measured and modelled species concentrations obtained from the base 

ISORROPIA II simulations for the summer OSCA campaign are provided in Figure 5.6. The model 

was found to capture the observed NH3 – NH4
+ partitioning well, with a 4% underestimation of the 

gas phase and a corresponding 15% overestimation of the particulate phase concentrations identified 

through regression analysis. By comparison, however, whilst good agreement between the TILDAS 

and model derived HCl concentrations was obtained, as reflected by a gradient of 1.11, the model 

was found to underestimate the concentration of pCl- by an average factor of 2. As can be seen in 

Figure 5.6(b), the partitioning behaviour of the chloride system predicted by the model appears to 

follow two distinct patterns, with a cluster of points observed along the 1:1 model : predicted 

relationship line and another along the x-axis - indicating that ISORROPIA is forcing all of the 
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measured chloride into the gas phase. Such behaviour is also observed in the nitrate system, resulting 

in the NO3
- concentrations being underpredicted by 40% on average when compared to the 

concentrations recorded by the ACSM. For both systems this behaviour is found to correlate with 

RH, with reasonable agreement between the measured and modelled HCl and pCl- concentrations 

obtained during periods in which the RH is in excess of 80%. Such a relationship can be rationalised 

upon considering the impact of RH on particle pH. As the RH increases, the liquid water content of 

the particle also increases, resulting in a decrease in the concentration of pCl- as a result of dilution. 

Assuming that the chloride system is under thermodynamic equilibrium, partitioning between the 

gas and particulate phase can be described by Henry’s Law: 

 where: 

• [H+] and [Cl-] are the aqueous concentrations of H+ and Cl- respectively 

• k’
H is the Henry’s law constant of HCl multiplied by the equilibrium constant for the 

dissociation of HCl 

• cg(HCl) is the gas phase concentration of HCl 

Assuming both k’H and cg(HCl) do not change significantly, in order for the two terms in equation 

5.1 to remain equivalent as RH increases, [H+] has to increase to compensate for the lower [Cl-]. This 

increase in acidity is achieved through the uptake of HCl from the gas-phase.249 As discussed in 

section 5.1, similar observations have been reported by Trebs et al.,238 in which no particulate phase 

nitrate or chloride were predicted at relative humidities below 90% prior to the inclusion of organic 

acids and crustal species (Ca2+, K+, Mg2+) when using the SCAPE2 equilibrium model. Interestingly, 

the discrepancy between the modelled and measured HCl concentrations exhibited no temperature 

relationship. This suggests that the temperature dependence of the effective equilibrium constant of 

HCl used within the model is not a source of issue in this study, in contrast to the conclusions of 

Haskins et al.53 

 

 

 

 

 

 

 

 [H+]  ×  [Cl-]  =  k’
H + cg(HCl) (Equation 5.1) 
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Figure 5.6. Intercomparison of the ISORROPIA II predicted (a) HCl, (b) pCl-, (c) HNO3, (d) NO3
-, (e) NH3,   

(f) NH4
+ concentrations obtained from the Base simulations with the summer campaign measurements. 
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Despite the underestimation of the particulate phase, as can be seen from Figures 5.7, ISORROPIA 

II captures the diurnal profiles of HCl and pCl- well, with elevated concentrations in the gas phase 

observed during the day and the particulate phase dominating during the night. From these profiles, 

it is clear that the overestimation in the concentration of HCl occurs throughout the day as with the 

underestimation of the particulate phase. It is also clear that the clustering of points observed around 

the x-axis in Figure 5.6(b) arises from ISORROPIA forcing the daytime total chloride measurements 

into the gas phase. These observations correlate with the measured diurnal variation in the relative 

humidity during the campaign, in which lows of 58.6% were observed at 13:00 and highs of 89.1% 

recorded at 01:00.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Average hourly diurnal cycle of RH and temperature (top), modelled HCl (middle) and modelled 

pCl- (bottom) during the summer OSCA campaign. Solid line represents the median species concentration. 

Shaded region represents the 25th and 75th percentile values. Red line denotes the median measured 

concentration. 
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5.3.2.3 Base ISORROPIA II Simulations - Winter 

Intercomparisons of the measured and ISORROPIA II derived species concentrations for the winter 

OSCA campaign are provided in Figure 5.8. As with the summer dataset, ISORROPIA captures the 

concentration of NH3 reasonably well, with an average overestimation of 7.7% calculated. 

Interestingly however, the model performed substantially poorer at predicting the concentration of 

NH4
+ resulting in an average underestimation of 37%. This perceived bias in predictions is the 

opposite to that observed in the summer dataset in which the particulate phase was overestimated by 

15% as previously discussed. Substantially poorer agreement was also obtained for the chloride 

system, with modelled HCl concentrations on average a factor of 7.7 greater than that observed 

during the campaign whilst pCl- concentrations were approximately a third of their measured values. 

Interestingly, ISORROPIA was found to positively bias partitioning into the particulate phase for the 

NO3
- system, in contrast to the predictions observed for the aforementioned species, leading to the 

gas phase being underestimated by a factor of 4 and the particulate phase being overestimated by 

24%. It should be noted, however, that this is likely an artefact of using the NOy measurement to 

determine HNO3 concentrations in this study, and this is explored in more detail in the next section. 

In comparison to the summer, HNO3 concentrations would be expected to be lower in the winter due 

to the importance of the photolytic production of OH on its formation.250 As such, a smaller NOz 

fraction would make the method more susceptible to noise in both the NOx and NOy measurements. 

This is reflected by 58% of the HNO3 concentrations calculated for the winter campaign being less 

than zero when using this approach. Consequently, the simulated concentration of HNO3 will not be 

discussed in detail for the winter dataset.  
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Figure 5.8. Intercomparison of the ISORROPIA predicted (a) HCl, (b) pCl-, (c) HNO3, (d) NO3
-, (e) NH3, (f) 

NH4
+ concentrations obtained from the Base simulations with the winter campaign measurements. 
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As observed in the measurements, no discernible diurnal patterns for either HCl or pCl- was obtained 

from the hourly averaged modelled concentrations as shown in Figures 5.9. Interestingly, the model 

still predicted elevated concentrations of HCl between the hours of 10:00 – 12:00. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Average hourly diurnal cycle of RH and temperature (top), modelled HCl (middle) and modelled 

pCl- (bottom) during the winter OSCA campaign. Solid line represents the median species concentration. 

Shaded region represents the 25th and 75th percentile values. Red line denotes the median measured 

concentration. 

Whilst it is clear that ISORROPIA II performed notably poorer at capturing the observed chloride 

partitioning during the winter, overestimation of the gas phase contribution was observed for both 

seasons. The sections herein will therefore explore potential reasons as to why such discrepancies 

between the modelled and measured species concentrations may arise.   
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5.3.2.4 Sensitivity to HNO3 

Whilst the issue of using NOy measurements to derive the concentration of HNO3 has already been 

discussed with respect to the winter campaign, the assumption that HNO3 is the only component of 

the NOz fraction likely results in an overestimation of the true concentrations experienced during the 

summer campaign as well. This is clear when comparing the CIMS measurements of HNO3 obtained 

in the 5 days prior to the start of the campaign to those derived from the NOy measurement. As can 

be seen in Figure 5.10, variable levels of agreement between the two sets of measurements was 

observed. Such variation likely arises due to fluctuating concentrations of species such as organic 

nitrates, peroxyacyl nitrates (PANs) or HONO that would also contribute to the NOz measurement. 

Unfortunately, at the time of writing this thesis, concurrent CIMS and TILDAS measurements were 

not available to examine what impact the overestimation of HNO3 may have on the partitioning of 

the chloride system. As an approximation, however, simulations of the summer campaign were 

repeated using HNO3 concentrations reduced by a factor of 1.25 - the average discrepancy observed 

between the CIMS and NOy measurements. From the resulting intercomparison of the simulated and 

measured concentrations of HCl and pCl- shown in Figure 5.11, the partitioning of the chloride 

system appears sensitive to HNO3, at least within the uncertainty of the NOy measurement, although 

the application of the correction factor increases the discrepancy between the modelled and measured 

concentrations of both species by further increasing partitioning into the gas phase. Consequently, it 

is unlikely that error in the HNO3 measurements is solely responsible for the observed discrepencies. 

It should be noted that this does not, however, include the potential for acid displacement of HCl 

from the course mode sea salt by HNO3, which is not considered in this analysis. 

  

Figure 5.10. Intercomparison of the NOy derived HNO3 concentrations (red line) and the CIMS HNO3 in the 

5 days prior to the summer OSCA campaign. 
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Figure 5.11. Intercomparison of the ISORROPIA predicted (a) HCl, (b) pCl- concentrations with the summer 

campaign measurements upon reduction in the concentration of HNO3 by a factor of 1.25. 
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introduced as a colour gradient in the plots of the predicted versus measured concentrations of HCl 

and pCl-. From the resulting Figures 5.13(a) and (b), it can be seen that ISORROPIA generally 

captures the measured concentration of both species well during periods in which either the charge 

imbalance was negligible or NH4
+ was in excess. Increasing bias towards partitioning into the gas 

phase is observed as the excess of anions within the system increases. Similar trends are also 

observed in the summer dataset, as shown in Figures 5.13(c) and (d), although it is interesting to note 

that there are instances in which the model is in good agreement with the measured concentration of 

pCl- despite the anionic concentrations being in large excess of NH4
+ ( > 0.1 μmol m-3). Such periods 

are found to correlate with high RH, further highlighting the previously discussed potential 

sensitivity of ISORROPIA II to the variable when the model is initialised without any crustal species.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Calculated charge balance of the aerosol system over the course of the (a) summer, (b) winter  

OSCA campaign. Coloured lines represent the anion/cation ratio for sulfate (red),  sulfate + nitrate (blue) and 

sulfate + nitrate + chloride (green). The black dashed line represents a 1:1 relationship. 
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Figure 5.13. Intercomparison of the ISORROPIA predicted and modelled concentrations of (a) HCl, (b) pCl- 

during the winter OSCA campaign, coloured by the measured difference in total anion (SO4
2-, NO3

- and Cl-) 

and NH4
+ concentration. Plots repeated for the predicted and modelled concentrations of (c) HCl, (d) pCl- 

during the summer campaign.   

In order to identify whether correcting the charge imbalance for both seasons would bring the 

modelled HCl and pCl- concentrations into agreement with their observed values, iterated model 

simulations were conducted in which Na was used as a source of additional cations. From these 

simulations, two cationic concentrations could be identified; the first representing the required cation 

concentration at which a minimum difference between the modelled and measured HCl 

concentrations could be obtained, the second identifying the minimum cation concentration required 

to bring the modelled HCl to within 5% of the measured – the reported uncertainty of the TILDAS.109 
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Initial tests of the iterative method were conducted on the summer dataset, with the concentration of 

Na gradually increased for each datapoint by intervals of 0.01 μg m-3 to a maximum of 5.75 μg m-3 

(0.25 μmol m-3) to reflect the measured charge imbalances throughout the season. As can be seen 

from Figure 5.14, as by the nature of the model runs, improved agreement with the measured HCl 

concentrations are observed in both instance as reflected by gradients of 1 and 1.04 being obtained 

from both iterative approaches, down from 1.11 in the base simulations. A slight improvement in the 

predicted NH3 concentration is also observed, implying the displacement of NH4
+ into the gas phase 

following the addition of Na. It should be noted, however, that there are still periods in which the 

model is unable to reproduce the measured HCl concentrations since they were originally 

underpredicted in the base simulations. Again, these periods typically coincide with high RH ( > 90%) 

in which ISORROPIA is observed to bias partitioning into the particulate phase. To gain insight into 

whether the metal ion concentrations identified in the iterated simulations would be typical of an 

urban background environment such as the Fallowfield campus, comparisons were drawn to 

measured metal ion concentrations in the PM1.0 - 0.3 size range at the North Kensington sampling site 

during the 2012 ClearfLo campaign.251 Mean concentrations of 135.9, 48.2, 65.9 and 31.9 ng m-3 of 

Na+, K+, Ca2+ and Mg2+ were observed respectively, yielding a total non NH4+ cation concentration 

of 0.013 μmol m-3. By comparison, a mean concentration of (0.022 ± 0.02) and (0.018 ± 0.02) μmol 

m-3 of Na+ was required to achieve the minimum and five percent discrepancy between the modelled 

and measured HCl concentrations, suggesting that the proposed missing cation source is a possible 

explanation for the discrepancy which was observed.   

Similar tests were also conducted on the winter dataset, however, owing to the lower charge 

imbalance observed during this campaign when compared to the summer, both the incremental 

change and maximum Na concentrations added to each datapoint were reduced to 0.001 μg m-3 and 

1 μg m-3 (0.043 μmol m-3) respectively. The results of the simulation are given in Figure 5.15. Whilst 

it is clear that the addition of Na results in a significant improvement in the ability of the model to 

capture the observed HCl/pCl- partitioning behaviour, unity between the modelled and precited HCl 

concentrations is not achieved due to the aforementioned RH bias. Average Na concentrations 

required to achieve the minimum and five percent discrepancies in HCl were (1.1 ± 1) and (1.0 ± 1) 

× 10-2 μmol m-3 respectively. Such a cation concentration is approximately a factor of 4 greater than 

that observed at the North Kensington site in the winter portion of the ClearfLo campaign, in which 

the mean Na+, K+, Ca2+ and Mg2+ observations of 28.6, 12.2, 9.7 and 7.1 ng m-3  yield a cation 

concentration of 2.6 × 10-3 μmol m-3.252 Consequently, whilst the lack of metal ions within the 

simulation may play some part in the discrepancy between the modelled and measured HCl 

concentrations, it is unlikely to be the only factor. It is also interesting to note that in comparison to 

the model’s ability to capture the measured NH3 concentrations during the summer campaign, the 

predicted concentrations in the winter show a larger degree of variability, as reflected by an R2 value 
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of 0.64 compared to 0.94 in the summer, further highlighting that other factors may be influencing 

the model’s inability to capture the partitioning behaviour of the winter campaign.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Discrepancy between the measured and ISORROPIA derived concentrations of HCl and NH33 

for the summer campaign after running the Na iterated simulations to (a)/(c) achieve a minimum discrepancy 

in the concentration of HCl, (b)/(d) bring the discrepancy to within, or as close to, 5% of the measured HCl 

concentration. 
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Figure 5.15. Discrepancy between the measured and ISORROPIA derived concentrations of HCl and NH33 

for the winter campaign after running the Na iterated simulations to (a)/(c) achieve a minimum discrepancy 

in the concentration of HCl, (b)/(d) bring the discrepancy to within, or as close to, 5% of the measured HCl 

concentration. 
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5.3.2.6 Alternative sources of HCl 

A key assumption which has been made throughout this study when considering the source of the 

discrepancy between ISORROPIA II and the observational data is that the air masses measured 

during both campaigns were well mixed and had sufficient time prior to sampling to establish 

equilibria. Consequently, the HCl measured during the campaign is assumed to be derived from 

thermodynamic partitioning out of the submicron particulate. Whilst this would appear to be a fair 

assumption during the summer campaign owing to the model’s ability to capture the observed diel 

variability of HCl, it is possible that the discrepancy obtained with the winter dataset arises from HCl 

being produced from non-equilibrium processes which are not considered within the model. 

Interestingly, ClNO2 was observed during the winter campaign, with Figure 5.16 showing the median 

hourly concentration of the species over the course of the measurement period and corresponding 

concentration of chloride. It would therefore be expected that an increase in the concentration of HCl 

would be observed in the morning following the photolysis of ClNO2. From Figure 5.16, between 

the hours of 05:00 – 12:00, an average decrease of ~ 0.1 μg m-3 was recorded in the concentration of 

ClNO2. This would correspond to ~ 0.044 μg m-3 of Cl atoms being released which subsequently 

react to form HCl. During this window, a ~ 0.15 μg m-3 increase in the concentration of HCl was 

observed and, as such, cannot be fully attributed to the photolysis of ClNO2.  

As previously discussed, significant quantities of chloride were observed in both the PM2.5 and PM10 

size fractions during the winter campaign. As such, equilibria between HCl and the larger PM2.5 size 

fraction cannot be ruled out. Similarly, acid displacement of aged sea salt present within the coarse 

mode by either HNO3 or H2SO4 is another potential source of HCl which would not have been 

accounted for in the ISORROPIA simulations of this study. Owing to the HNO3 measurements during 

this period being within the noise of the NOy instrument, it is however unknown whether sufficient 

amounts of either HNO3 or H2SO4 would have been present to generate the concentrations of HCl 

observed by the TILDAS. 
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Figure 5.16. Hourly average ClNO2 concentrations observed during the winter OSCA campaign. 

5.4 Conclusions 

The partitioning behaviour of HCl/pCl- at an urban background site has been investigated using 

datasets collected during the OSCA field campaign with strong seasonal variability observed. Mixing 

ratios of HCl ranged from 0 – 237.9 pptv with a median concentration of 36.9 pptv during the summer, 

displaying a clear diurnal cycle over the course of the measurements period in which HCl levels were 

observed to be at their highest at midday. By contrast, no such diel variability was observed during 

the winter portion of the campaign in which a median concentration of 8.9 pptv was observed with a 

maximum of 52.6 pptv. 

Thermodynamic equilibrium modelling of the inorganic ionic constituents of the PM1 fraction and 

the associated precursor gases using ISORROPIA II was found to yield mixed results. Whilst the 

model was capable of reproducing the observed diel variability in HCl when initialised with the 

species concentrations recorded during the summer, the model was found to overestimate the 

concentration by 11%, and subsequently underestimate the concentration of pCl- by a factor of 2. It 

is proposed, however, that this discrepancy arises due to lack of observational constraints used within 

the base model simulations as metal ion constituents within the submicron particulate were not 

recorded during either campaign - resulting in a charge imbalance in the particulate constituents used 

to initialise the model. Improved agreement was observed upon the addition of Na to correct for the 

charge imbalance, with the cationic concentration required to achieve this comparable to those 

observed at similar urban background sites. It is interesting to note that in the absence of crustal 

species, the partitioning of chloride within ISORROPIA appears to be highly sensitive to RH, with 

the model observed to bias partitioning into the gas phase at high RHs ( > 90%) 
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By comparison the model performed notably poorer under the conditions experienced during the 

winter campaign with the base model found to overestimate the concentration of HCl by a factor of 

7.7 and underestimate pCl- by a factor of 3. Whilst iterating the model with Na to account for the 

aforementioned charge imbalances brought the modelled HCl concentrations into agreement with the 

observed, the cationic concentration required to achieve this was a factor of 4 larger than that 

measured at comparable sites. A larger degree of variability was also observed in the model’s ability 

to capture the concentration of NH3 recorded during the campaign. Further investigation is therefore 

required to better constrain the partitioning chemistry under these conditions. The measurement of 

the metal ion constituents, using techniques such as particle into liquid sampler – ion chromatography 

(PILS-IC) or ambient ion monitor – ion chromatography (AIM-IC), is also vital to constrain this 

partitioning chemistry, as highlighted by the sensitivity of thermodynamic partitioning model’s to 

their absence in this study.  
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6.1 Overview 

Whilst Cl-atoms have been identified to play a role in a number of tropospheric processes, their 

importance is poorly understood when compared to other oxidants such as OH. This uncertainty is 

the result of limited observational constraints on the Cl-atom budget, preventing the rigorous testing 

of the representation of Cl chemistry within global models. As direct measurement of Cl-atoms is 

not possible with existing observational techniques, estimations of local concentrations must be 

inferred through the assumption of steady state. As a result, measurement of their sources and sinks 

is required. The work presented in this thesis set out to explore two factors of importance in this area; 

the partitioning of chloride between the gas and particulate phase, and the measurement of the total 

Cl-atom loss rate. 

6.2 Development of a Total Cl Ross Rate Instrument (Cl-CRM) 

Whilst there a range of techniques that would enable the concentrations of sink species to be 

measured directly, from which an approximation of the Cl-atom sink could be obtained, this work 

presents the first development of an instrument capable of measuring the total Cl loss rate. The 

development of such an instrument is advantageous as it has the potential, with modifications 

discussed later, to directly test our understanding of reaction pathways associated with the loss of Cl 

whilst also providing a useful constraint on the source of missing OH reactivity that has been widely 

reported. Owing to the challenges faced when using resonance fluorescence to monitor the 

concentration of  Cl-atoms, in particular when mixed with ambient air, the development of a CRM 

instrument was favoured over the alternative flow tube and pump probe methods which have 

previously been developed for the measurement of the total OH loss rate.  

To assess the feasibility of the technique for this application, idealised box model simulations were 

conducted to simulate the deployment of the proposed instrument in Cape Verde and London, 

locations representative of a clean MBL and a polluted inland environment. When considering only 

primary reactions, overestimations of the theoretical rate by 4.7 and 6.5% were obtained respectively. 

In part, these errors arise from the initialisation of the model under non-pseudo first-order conditions 

owing to the practical difficulties that such kinetically-controlled conditions would introduce. A 

previously unreported systematic error arising from differences between the rate coefficients of the 

sample and the reference VOC has also identified as a source of the aforementioned discrepancies. 

Consequently, calibration of the CRM instrument is necessary in order to correct for these 

interferences. Upon the consideration of secondary chemistry during the measurement period, 

secondary radical production has been identified as an additional source of interference. This is a 

particular issue upon the addition of NO into the system due the formation of OH following the 

reaction of NO with HO2 generated during the measurement period. It therefore follows that methods 
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to either minimise or correct for this interference would be required for the deployment of a Cl-CRM 

instrument in a high NOx environment.  

Calibration of the Cl-CRM instrument developed in this work was achieved using several single and 

mixed hydrocarbon standards. On average, the rates derived from these studies were found to be 

within (8 ± 9)% of those derived from literature rate coefficients, with a working range of 12 – 400     

s-1 and a total measurement uncertainty of 30% identified. Whilst such a working range would be 

suitable for the measurement of Cl reactivity within a polluted environment, the LOD of the 

instrument is close to the calculated rate for Cape Verde. Consequently, a more sensitive method of 

detection than the SIFT-MS used in this work, for example PTR-ToF-MS, would be required if the 

Cl-CRM instrument were to be deployed in a similarly remote environment. Unfortunately, owing to 

a lack of availability of the SIFT-MS, thorough analysis of the impact of NO within the setup could 

not be conducted. In the limited studies that were conducted however, the observed interference 

exceeded that simulated in the aforementioned box model simulations, with decreases in the 

reactivity rate of 140 and 180 s-1 measured upon the addition of 4.6 and 15 ppbv of NO respectively. 

This increased interference can, in part, be attributed to longer residence times within the reactor than 

those used in the box model simulations to assess the feasibility of the technique. Furthermore, as 

the reference VOC and sample are exposed to the light source used to photolyse Cl2 in the setup, 

additional direct and indirect photolytic sources of OH and HO2 are present which further enhances 

this interference. Interestingly, when simulating the experimental conditions of the Cl-CRM 

instrument, the model is still unable to replicate the observed depletion in the reference VOC, with 

the difference in predicted concentrations suggesting an additional 1.7 – 2.5 ppbv of OH which is 

unaccounted for. Discrepancies between modelled and simulated impacts of NO have previously 

been reported by Michoud et al. for the MD-CRM instrument who suggest that the representation of 

pyrrole (used as a reference VOC) in the MCM, in particular the associated peroxy radicals, may not 

be reflective of the chemistry within their setup.136 Similar sources of uncertainty are also likely 

present in this study, especially given that the NO interference experiments were conducted using a 

35-component mixture for which not all species are represented in the MCM. Conducting these 

experiments using a simpler system for which the secondary chemistry is better understood, such as 

the CH4 / C3H8 mixture, would be a sensible next step to investigate the NO interference further in 

order to minimise this uncertainty. Further suggestions for future work is provided later in this chapter.   

6.3 Gas Particle Partitioning of Chlorine 

An understanding of the partition of chloride between the gas and particulate phase is essential if we 

are to accurately represent the formation of reservoir such as ClNO2, Cl2, or BrCl that are formed 

from heterogeneous reactions on chloride containing particles. The work presented in chapter 5 

investigated this partitioning behaviour at an urban background site in Manchester, UK as part of the 
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summer and winter OSCA campaigns. Strong seasonal variability was observed, with the gas phase 

dominating over the PM1 chloride fraction during the summer whilst the inverse was true for the 

winter. Clear diurnal variability in the both the particulate and gas phase was observed during the 

summer, although such diurnal dependence was not apparent in the winter measurements, consistent 

with observations by Liakakou et al.250 Both datasets were subsequently used to evaluate the 

performance of the thermodynamic partitioning model ISORROPIA II. Underestimations of a factor 

of 2 and 3 were obtained, on average, for the concentration of pCl- for the summer and winter datasets 

respectively. For the summer dataset, it is suggested that the discrepancy between the modelled and 

observed concentrations arises from the absence of concurrent metal ion measurements, resulting in 

a deficiency of cations used to initialise the model. The modelled concentrations of HCl were brought 

into agreement through iteration of the model with Na+ to account for this missing source of cations, 

with the required concentration comparable to the non NH4
+ cation concentration reported by Crilley 

et al. at a comparable urban background site in North Kensington, London.251 By comparison, the 

concentration of Na+ required to bring the winter HCl concentrations into agreement was 

approximately a factor of 4 greater than the observed cation concentrations at the North Kensington 

site during the same season.252 As such, the absence of metal ions from the constraining 

measurements is unlikely to be the source of discrepancy between the observed and modelled 

partitioning behaviour. It is therefore clear that the partitioning of chloride within the winter is an 

area which should be further investigated, provided additional observational constraints are available. 

With respect to previous reports by Haskins et al. that the temperature dependence of the HCl 

effective equilibrium constant used in the model is too large,53 the modelled/observed discrepancy in 

the simulations of the summer dataset displayed no temperature relationship.  

6.4 Future Work 

The ultimate aim of the Cl-CRM instrument is the measurement of the total Cl loss rate in ambient 

air, with the simultaneous deployment of the instrument alongside measurements of the Cl reservoir 

species enabling localised Cl-atom concentrations to be determined through the assumption of steady 

state. Unfortunately, the instrument developed in this work is not suitable for such application at 

present. A key reason for this is that in the current reactor design, the sample is exposed to the light 

source used to photolyse Cl2. As discussed above, not only does this create additional sources of HO2 

and OH that can interfere with the rate measurement, it can also lead to losses of photolabile VOC 

species that may be present in an ambient air sample. It therefore follows that an essential next step 

is the development of a new reactor which would enable the sample and reference VOC to be 

introduced after the production of Cl radicals. Two alternative designs by which this could be 

achieved have been proposed in chapter 4. To assess their validity, however, computational fluid 

dynamic modelling would be required to ensure that laminar flow could be achieved in such designs 

in order to minimise wall losses within the system. Once a new reactor is developed, characterisation 
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of the instrument would need to be conducted following a similar framework to that used in this 

study.  

Resolving the issue of NO interference is another area that would require further consideration before 

the instrument is suitable for field deployment. As discussed in chapter 4, switching to a different 

reference VOC with a larger kCl : kOH ratio than diethyl ether is one route through which this could 

be achieved. Such an approach, however, would likely require the use of a short chain deuterated 

alkane as a reference VOC in order to meet such a requirement. As such species are not measurable 

using either SIFT-MS or PTR-MS, a change to GC-MS as a detection method would be required if 

such an approach was chosen – potentially leading to a reduced time resolution if sample pre-

concentration is required. Addition of an OH scavenger species combined with a reduction in the 

residence time following mixing of the Cl-atoms and sample have also been identified as potential 

solution to minimise this interference. Such an approach would, however, likely require the use of 

CO which would introduce additional safety considerations. Development of a correction factor to 

account for the formation of OH within the system whilst in high NOx environments is the final 

method which could be adopted. Simultaneous measurements of NO would be required for this 

approach to work, however, as NOx analysers are common place during field campaigns, this is 

unlikely to be a source of issue. 

With respect to the investigation into partitioning of the chloride system, it is clear that additional 

observational constraints (in particular metal ion concentrations) are required, in particular during 

the winter. Such information could be obtained by deploying either a particle into liquid sampler – 

ion chromatography (PILS-IC) or ambient ion monitor – ion chromatography (AIM-IC) instrument 

alongside the TILDAS for HCl measurement. Collection of this information would also enable the 

performance of other thermodynamic models beyond ISORROPIA, such as E-AIM, to be explored 

as well.         
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Abbreviations 

(C2H5)2O - Diethyl ether  

(COCl)2 - Oxalyl chloride 

ACSM - Aerosol Chemical Speciation Monitor  

AIM-IC - Ambient ion monitor - ion chromatography 

BrCl - Bromine chloride 

BrO - Bromine monoxide  

BVOC - Biogenic volatile organic compound 

C5H8 - Isoprene 

C6H12O - 3,3-dimethyl-2-butanone 

CCl3COCl - Trichloroacetyl chloride  

CCl4 - Carbon tetrachloride 

CFCs - Chlorofluorocarbons 

CH2Cl2 - Dichloromethane 

CH3Cl - Methyl chloride 

CHCl3 - Chloroform 

CIMS - Chemical ionisation mass spectrometry  

ClNO2 - Nitryl chloride 

ClO - Chlorine monoxide 

ClONO2 - Chlorine nitrate  

ClOO - Chlorine peroxy radical 

ClOx - Oxides of chlorine (Cl + ClO) 

Cly - Reactive chlorine  

CRDS - Cavity ring down spectroscopy 

CRM - Comparative reactivity method  

E/N - Electric field 

GC-MS - Gas chromatography-mass spectrometry 

H3O+ - Hydronium ion 

HO2 - Hydroperoxyl radical  

HOBr - Hypobromous acid 

HOCl - Hypochlorous acid 

IC - Ion chromatography  

ICRM - Improved comparative reactivity method 

LDLS - Laser driven light source 
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LIF-FAGE - Laser-induced fluorescence-fluorescence assay by gas expansion 

LOD - Limit of detection 

m/z - Mass-to-charge ratio 

MACR - Methacrolein 

MBL - Marine boundary layer  

MD-CRM - Mines Douai comparative reactivity method  

MDRH - Mutual deliquescence relative humidity  

MFC - Mass flow controller 

MVK - Methyl vinyl ketone 

N2O5 - Dinitrogen pentoxide 

NMHC - Non-methane hydrocarbon 

NO+ - Nitrosonium ion 

NOx - Nitrogen oxides (NO + NO2) 

O2
+ - Dioxygenyl ion 

OCl- - Hypochlorite 

OClO - Chlorine dioxide 

ODR - Orthogonal distance regression 

OH - Hydroxyl radical 

OVOCs - Oxygenated volatile organic compounds  

PANs - Peroxyacyl nitrates 

pCl- - Particulate chloride 

PILS-IC - Particle into liquid sampler - ion chromatography 

PM1 - Aerosol with an aerodynamic diameter of less than 1 µm 

PM2.5 - Aerosol with an aerodynamic diameter of less than 2.5 µm 

PM10 - Aerosol with an aerodynamic diameter of less than 10 µm 

ppbv - Parts per billion volume 

ppmv - Parts per million volume 

pptv - Parts per trillion volume 

PSC - Polar stratospheric cloud 

PTR-MS - Proton transfer reaction - mass spectrometry 

RF - Radio frequency 

RH - Relative humidity 

RO2 - Peroxy radical 

sccm - Standard cubic centimetres per minute  

SIFT-MS - Selected ion flow tube - mass spectrometry 

SIM - Selection ion monitoring 
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SML - Sea surface microlayer 

SMPS - Scanning mobility particle sizer  

SOA - Secondary organic aerosol 

SOCl2 - Thionyl chloride 

SSA - Sea spray aerosols 

TClg - Total gaseous chlorine 

TILDAS - Tunable infrared laser direct absorption spectroscopy  

TOHLM - Total OH Loss rate Method 

VOCs - Volatile organic compounds  

VUV - Vacuum ultraviolet 
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