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Abstract

Ozone deposition to the ocean represents one of the largest sinks of ozone

from the troposphere, but is highly uncertain. Chemical reactions with the

sea surface drive deposition to the ocean, however the identity and contribu-

tion of different reactive compounds remains unclear. Iodide is considered

one of the main drivers of ozone uptake to the ocean, however there is also

an expected contribution from organic matter, the nature of which is not well

characterised.

This work aimed to investigate these chemical drivers , including re-measuring

the kinetics and temperature dependence of the reaction between ozone and

iodide. With the ozone-iodide reaction as a baseline, ozone uptake to sea-

water was analysed, and the ”missing” reactivity quantified.

A method was developed, which facilitated ozone uptake measurements to

iodide solutions and seawater. The rate of reaction between ozone and io-

dide was measured, yielding Arrhenius parameters of A = 5.4 ± 23.0 ×1010

M−1 s−1 and Ea = 7.0 ± 10.5 kJ mol−1. This weak temperature dependence

has implications for the spatial and temporal variation in ozone dry deposition

to the ocean, and subsequent emissions of iodine-containing compounds.

Ozone uptake was measured to remote and coastal seawater samples. Ozone

uptake to remote samples ranged from 2.97 to 6.32 ×10−6, with 25.0 to 66.3

% of uptake attributed to iodide, while for the coastal samples ozone uptake

ranged 0.87 to 4.00 ×10−6, with 36.0 to 148.2 % predicted by iodide. Un-

saturated fatty acids were identified as a potential source of reactivity in the

remote samples.

This dataset of ozone uptake measurements to authentic seawater sam-

ples, with complementary biogeochemical measurements, furthers our un-

derstanding of ozone loss from the troposphere by improved knowledge of

the drivers of dry deposition to the ocean.
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Chapter 1 Introduction

1 Introduction

1.1 The Sea Surface Microlayer

The sea surface microlayer (SML) is the interfacial layer at the surface of the

ocean, which acts as the site of mass and energy transfer between the ocean

and the atmosphere, with a depth of between 1 and 1000 µm (Liss and Duce,

1997). The SML has biological and physiological properties which are measur-

ably distinct from the underlying water (ULW) (Cunliffe et al., 2013; Zhang et al.,

2003). The SML depth is often operationally defined, depending on the sam-

pling method used. Popular sampling methods include using a membrane filter,

the glass screen method and the Garrett screen, in order of increasing sampling

depth (Cunliffe and Wurl, 2014). This work utilised the Garrett screen method of

collection, as it allowed efficient collection of large sampling volumes. All of these

collection methods are labour intensive and time consuming, therefore it would be

desirable to parameterise the SML based on properties of the ULW; the sampling

of which is more practical.

The SML has been demonstrated to be enriched in several species compared

to the ULW, including dissolved organic carbon (DOC) (Reinthaler et al., 2008;

Sieburth et al., 1976; Pinxteren et al., 2017; Engel and Galgani, 2016; Zäncker

et al., 2017; Stolle et al., 2020; Wurl et al., 2009; Gašparović et al., 2007), amino

acids (Zäncker et al., 2017; Engel and Galgani, 2016) , lipids (Frka et al., 2009),

and gels (Wurl et al., 2009). These compounds can either be produced in-situ by

bacteria and phytoplankton, or in the ULW and transported upwards (Gašparović

et al., 2007).

The SML is notably enriched in surface active substances (SAS) (Wurl et al.,

2009; Gašparović et al., 2007; Frka et al., 2009). These compounds have a hy-

drophilic and a hydrophobic component, therefore accumulate at phase bound-

aries, including the SML, and on the surface of bubbles rising through the water

column, augmenting accumulation in the SML (Wurl et al., 2009). Examples of

SAS in the ocean include proteins, carbohydrates, polysaccharides, hydrocar-
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bons, humic substances, fatty acids and lipids (Schmidt and Schneider, 2011).

A schematic of the SML is displayed in Fig. 1. This conceptual image demon-

strates the scale of the SML as well as physical processes acting on it, including

turbulence, wind and rising bubbles, and some relevant chemical interactions.

Figure 1: Schematic of the SML.

Studies have demonstrated that the SML persists at high wind speeds, i.e. is

quite resistant to the effects of turbulence. Enrichment of surface active material

in the SML has been measured up to around 10 m s−1) (Wurl et al., 2011; Zäncker

et al., 2017; Engel and Galgani, 2016; Pinxteren et al., 2017). For context, the

global average wind speed over the ocean is 6.64 m s−1 (Archer and Jacobson,

2005).

This persistent, distinct environment facilitates exchange of all gases to and from

the ocean. This work is focused on ozone uptake to the ocean, therefore consid-

eration of the SML is vital to ensure findings are applicable to the environment.

In this work, ozone uptake was considered to both SML and ULW samples. The

differences between the two environments were investigated, and this information

was used to gain understanding of the process of ozone deposition to the ocean.

1.2 Ozone in the Atmosphere

Ozone (O3) is a trace gas, found throughout the atmosphere. It is most concen-

trated in the stratosphere (Fig. 2), where the ”ozone layer” absorbs UV-C and
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UV-B rays. In the stratosphere, ozone protects animal and plant life from dam-

aging ultraviolet radiation, however in the troposphere, ozone exerts a damaging

effect.

Figure 2: Schematic of the concentration of ozone across the vertical profile of the
atmosphere (https://ozonewatch.gsfc.nasa.gov/facts/ last accessed 06/06/2024).

Climate Impacts Ozone is an important tropospheric pollutant and greenhouse

gas, with estimated radiative forcing of 0.40 W m−2 (reported ranges span 0.20 -

0.65 W m−2) (Watson et al., 1995; Ramaswamy et al., 2001; Forster et al., 2007;

Myhre et al., 2013). The warming effect of ozone in the troposphere derives from

its absorption of infrared radiation from the Earths surface, which reduces radia-

tive cooling.

Health Impacts Accurate monitoring and prediction of ozone concentrations is

also important due to its impact on human health. Acute effects of ozone expo-

sure have been extensively studied, and include gradual decrease in lung function

(Kinney et al., 1996), an increase in out-of-hospital cardiac arrests (Zhao et al.,

2017a), and increased new-onset asthma in children (Nuvolone et al., 2018). A

review of several studies concluded an excess mortality risk of 0.26 % associated

with an increase of 5 ppb in the 1-hour daily maximum ozone concentration (Nu-

volone et al., 2018). Acute exposure to ozone concentrations in excess of 35 ppb

caused 24,000 premature deaths in the 27 EU member states in 2020.

The impacts of long term exposure on human health has been shown to increase

risk of respiratory mortality (Jerrett et al., 2009), and pulmonary mortality (Atkin-
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son et al., 2016). The European Environment Agency reported years of life lost

(YLL), which are years of potential life lost due to premature death. Combined

YLLs due to ozone exposure in the 27 countries in the European Union totalled

249,000.

Evidence for health impacts due to ozone exposure mean the World Health Or-

ganisation (WHO) recommend exposure to ozone be limited to 60 µg m−3, ap-

proximately 30 ppb (as the daily maximum 8-hour mean ozone concentrations).

As this is not currently achievable in many parts of the world, interim targets of

100 µg m−3 (50 ppb), then 70 µg m−3 (35 ppb) are set (WHO, 2021).

Agricultural Impacts Ozone, upon entering the stomata of plants generates

further reactive oxygen species which exert oxidative stress on the plant. This

reduces photosynthesis, growth and biomass accumulation (Rai and Agrawal,

2012; Ainsworth et al., 2012). The impact of ozone on crops including maize,

soybeans, rice and wheat was estimated to correspond to present day global

economic losses of $14−$26 billion (Dingenen et al., 2009), the impacts of which

are mostly felt in countries with little or no ozone mitigation strategies, and which

rely heavily on agriculture (i.e. China and India).

The Tropospheric Ozone Burden The tropospheric ozone burden (∼340 Tg) is

controlled by a balance of influx from the stratosphere (∼550 Tg (O3) year−1),

chemical production (∼5100 Tg (O3) year−1), chemical destruction (∼4650 Tg

(O3) year−1), and dry deposition (∼1000 Tg (O3) year−1) to the Earth’s surface

(Stevenson et al., 2006). These processed are outlined in Figure 3.

Sources of ozone in the troposphere are influxes from the stratosphere and pho-

tochemical production. Ozone is produced in the troposphere as a secondary

product following photolysis of NO2. This involves peroxy radicals, which drive

the conversion of NO to NO2 in the radical propagation cycle. RO2 are organic

peroxy radicals (R = alkyl, aryl or alkenyl group) and HO2 is the hydroperoxy rad-

ical. Peroxy radicals are formed from the oxidation of organic compounds, and

typically have an atmospheric lifetime on the order of 1-100 s. Peroxy radicals

react with NO, primarily by R1, whereby the alkoxy radical (RO), and and NO2
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Figure 3: Simplified schematic of the major processes controlling the tropospheric
ozone burden. Magnitudes of sources and sinks from Stevenson et al. (2006).

are formed. This route leads to radical propagation, and promotes ozone for-

mation via a chain reaction. A minor reaction pathway, including collision with

third-body M, forms the alkyl nitrate (RONO2), and hinders ozone formation (R2).

Ozone production by chain reaction occurs via reactions R3 and R4. In this pro-

cess, NO2 is photolysed back to NO, with release of triplet oxygen atoms (O(3P)),

which reacts with molecular oxygen to form ozone. The chain reaction is NOx

catalysed, and converts O2 to O3.

RO2 or HO2 +NO → NO2 +RO or OH (R1)

RO2 +NO+M → RONO2 +M (R2)

NO2 +hν → NO+O(3P)(λ ≤ 400nm) (R3)

O2 +O(3P)+M → O3 +M (R4)

Ozone can be photolysed to the hydroxyl radical, OH.

O3 +hν → O(1D)+O2 (λ ≤ 315nm) (R5)
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O(1D)+H2O→2OH (R6)

Chain termination in high NOx conditions leads to nitric acid, HONO2.

OH+NO2 +M → HONO2 +M (R7)

Chain termination in low NOx environments is driven by H2O2 and ROOH forma-

tion.

HO2 +O3 → OH+2O2 (R8)

OH+O3 → HO2 +O2 (R9)

HO2 +HO2 → H2O2 +O2 (R10)

HO2 +RO2 → ROOH+O2 (R11)

Ozone is lost from the troposphere primarily via chemical destruction, as de-

scribed by the above reactions, acting as an oxidant. Photo-cycling of halogen-

containing species, released from biological sources in the ocean, and by reac-

tion of ozone with seawater iodide (Carpenter et al., 2013) also leads to efficient

ozone destruction over the ocean (Read et al., 2008; Vogt et al., 1999), and in po-

lar regions (Benavent et al., 2022). In this cycle, photochemical transformation of

organic halogens and molecular halogens (X2) produce halogen atoms (X), which

react with ozone to form XO (R12). XO can be rapidly photolysed back to X and

O atoms, regenerating ozone (R13), or can react with HO2 or other XO molecules

(R14), leading to catalytic ozone loss (Vogt et al., 1999; Simpson et al., 2007).

X+O3 → XO+O2 (R12)

XO+hv → X+O (R13)

XO+XO→2X+O2,X2 +O2 (R14)

Another significant source of loss of ozone from the troposphere is deposition

to surfaces. Deposition to crops and soil occurs with a velocity on the order of
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0.1 to 1 cm s−1 (Wesely and Hicks, 2000). While ozone deposition to the ocean

is considerably slower than deposition to crops and soil, the extensive coverage

of Earth’s surface by ocean makes it a significant sink of ozone from the tropo-

sphere. Dry deposition of ozone to the ocean surface is estimated to contribute

approximately a quarter of the total loss of ozone from the atmosphere (Figure 3)

and represents the single largest deposition flux of ozone (mean of 361 Tg (O3)

year−1, calculated from 15 different models), the second and third largest depo-

sitional sinks were grasslands and deciduous trees, respectively (Hardacre et al.,

2015).

Despite the importance of oceanic dry deposition for tropospheric ozone con-

centrations, the process and its drivers are not well understood. Dry deposition

to the ocean has the largest uncertainty, compared to deposition to other sur-

faces. Ozone models typically apply a single global deposition velocity of 0.05

cm s−1 to the ocean, despite large variances in measured values, shown in Table

1 (Ganzeveld et al., 2009). The current state-of-the-art in ozone deposition mod-

elling over the ocean included a term for chemical reactivity due to bulk-phase

iodide reactions, which improved estimations of deposition velocity compared to

measurements (Luhar et al., 2018).

The dry deposition velocity (vd) of ozone to the ocean has been reported by sev-

eral authors with highly variable results, but typically of the order of 0.01 - 0.10

cm s−1, as outlined in Table 1. Techniques used to measure deposition veloc-

ity have evolved over time, however recently the preference has been for eddy

covariance (EC) methods (Gusten and Heinrich, 1996; Burba, 2013), either on

a fixed tower (Fig. 4a), or a moving platform such as a ship or aircraft (Table

1). Tower EC measurements typically depict coastal sites, while ship or aircraft

based measurements are able to measure more remote sites. EC is a direct

micro-meteorological technique which measures the total vertical flux of a gas

in the surface boundary layer. Three orthogonal wind velocities are measured

with high frequency (e.g. 10 Hz) to model local eddies, and this is combined

with simultaneous ozone concentrations to obtain a vertical flux of ozone, where
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a positive flux indicates deposition. The benefit of EC measurements are that it

allows in-situ observation of the authentic sea surface, therefore does not rely on

replication of the sea state in a laboratory.

Figure 4: Schematic of a) eddy covariance measurements performed over the
ocean from a tower and b) the box decay technique.

More historical measurements were performed in a laboratory, via box decay (Fig.

4b), as described in Garland et al. (1980). Using this technique, the surface in

question is held within a box or chamber, and after correcting for background

losses to inert surfaces, the rate of loss of ozone within the box is modelled as

the destruction rate of ozone by the reactive surface. In these types of techniques,

air-side resistances must be accounted for, as they differ from those found in the

environment.
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Table 1: Previously reported measurements of the dry deposition velocity of ozone over seawater.

vd (cm s−1) Method Location Reference

0.02 - 0.1 Box decay Southern English Coast Garland et al. (1980)
0.02 - 0.15 Box decay South Australia Galbally and Roy (1980)

0.007 - 0.04 Tower EC Lake Michigan Wesely et al. (1981)
0.052, 0.050 Aircraft EC Gulf of Mexico Lenschow et al. (1982)

0.057 Aircraft EC North Pacific Lenschow et al. (1982)
0.015 - 0.037 Aircraft EC Eastern North Pacific Kawa and Jr. (1989)

0.028 Box decay Southern English Coast McKay et al. (1992)
0.088 Tower EC Coastal North Sea Gallagher et al. (2001)

0.128 (low tide) Tower EC Coastal north-west France Whitehead et al. (2009)
0.0302 (high tide) Tower EC Coastal north-west France Whitehead et al. (2009)

0.025 Tower EC Mace Head, Ireland McVeigh et al. (2010)
0.028 - 0.16 Tower EC Barrow, Alaska Helmig et al. (2012)

0.017 - 0.065 IQR Tower EC Southern English Coast Loades et al. (2020)
0.007 - 0.058 IQR Tower EC Bermuda Drysdale et al. (2023)
0.012 - 0.034 IQR Ship EC North Atlantic Stapleton et al. (2023)
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Studies investigating the drivers of ozone deposition to the ocean have identified

iodide to be one of the main drivers (Garland et al., 1980; Chang et al., 2004),

however an additional, missing reactive component is often cited, commonly at-

tributed to organic matter (Garland et al., 1980; Shaw and Carpenter, 2013; Mar-

tino et al., 2012; Saint, 2019). The contribution of iodide to ozone deposition is not

currently well quantified, nor is the identity or significance of the missing reactivity.

This is the key motivation for this work.

1.3 The Mechanism of Deposition

Research into the heterogeneous deposition of gas to a liquid surface has been

motivated by several key findings in atmospheric chemistry, including the oxida-

tion of SO2 to form acid rain (Gorham, 1998) and the formation of the Antarctic

ozone hole (Jones and Shanklin, 1995). Several terms are used to quantify the

uptake of a molecule from the gas phase to the liquid phase.

Deposition velocity is commonly used to quantify the rate of deposition. vd is

defined as the net flux of a molecule to a surface divided by its gaseous concen-

tration, [X ](g) (Eq. 1). In units of cm s−1, this a commonly used quantification of

the speed of deposition to a surface.

Another way of quantifying deposition to a surface is the uptake coefficient, γ. This

dimensionless coefficient describes the probability of uptake of a gas molecule to

the liquid phase, and is normalised to the number of gas-surface collisions (Eq.

2). The number of gas-surface collisions depends on the thermal velocity of the

molecule, ω (calculated by Eq. 3), which depends on the Boltzmann constant, kb

in J K−1, the temperature, T , in Kelvin and the mass of the gaseous molecule, m

in kg.

vd =
f lux
[X ](g)

=
ω

4
γ =

1
rtot

(1)

number o f gas− sur f ace collisions =
[X ](g)ω

4
(2)
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ω =

√
3kbT

m
(3)

To describe all of the processes involved in the deposition of a molecule, a method

of analysis has been developed based on resistances to deposition. This simpli-

fies the complex series of processes into individual resistances, analogous to

electrical resistors. The total resistance to deposition, rtot , is the combined effect

of all processes involved in deposition, and is the inverse of vd (Eq. 1).

In the simplest depiction of this model, there are three component resistances; ra,

rb and rc (Eq. 4). ra and rb are air-side resistances which occur in series, where ra

is influenced by factors such as wind speed and aerodynamic roughness (Chang

et al., 2004), and rb is influenced by diffusion across the quasilaminar sub-layer

directly above the surface. In this work, ra and rb were never considered sepa-

rately, therefore their combined impact is termed rdi f f herein (Eq. 5).

rc is often termed the surface resistance, and encapsulates all processes involved

in the transfer of a molecule from the gas phase to the liquid phase. It is controlled

by many physical and chemical processes, which were investigated in this work.

In this framework, rc is of the greatest significance when considering chemical

controls on deposition of ozone, accounting for >90 % of the total observed re-

sistance over marine waters (Lenschow et al., 1982; Kawa and Jr., 1989).

rtot = ra + rb + rc (4)

rdi f f = ra + rb (5)

In the resistor model each process resistance (rx), has a reciprocal conductance

(Γx), related by Eq. 6. Conductances are normalised to the rate of gas-surface

collisions by Eq. 2, therefore are dimensionless. Both terms will be used in this

work.

rx =
4
ω

1
Γx

(6)

In the simplest case, a non-reactive trace gas is transferred to the liquid according

to Fig. 5a where uptake is controlled by diffusion through the gas phase, mass
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accommodation to the liquid and resistance due to saturation, which all occur in

series. This scheme is described in Eq. 7.

1
γ
=

1
Γdi f f

+
1

αaq
+

1
Γsat

(7)

αaq is the mass accommodation coefficient, the probability that a molecule that

strikes the liquid surface will enter the bulk liquid phase. 1/Γsat is the resistance

due to solubility limitation, and accounts for the case where the liquid is saturated

with the trace gas, at which point net uptake would become zero. In the case of

ozone, solubility is low but reactivity is high, therefore 1/Γsat is negligible, and can

be removed for simplicity.

Reaction greatly increases ozone uptake to seawater, therefore conductance

terms are added to account for reaction both in the bulk and on the surface of

liquid surfaces. In the heterogeneous process of gaseous ozone depositing to a

liquid there are two possible locations for chemical reaction; the liquid surface,

following adsorption of ozone, or in the bulk aqueous phase, following absorption

of ozone. This work includes instances where there are only bulk reactions hap-

pening, and when there are simultaneous bulk and surface reactions. Each of

these scenarios are treated differently.

1.3.1 Bulk Only Reactions

In the case where there is reaction occurring only in the bulk liquid phase, there

is a conductance in parallel to αaq, the conductance associated with bulk phase

reaction, Γaq, (Fig. 5b). The resistor model for ozone uptake with a simple bulk

phase-only reaction is shown in Eq. 8.

1
γaq

=
1

αaq
+

1
Γaq

(8)

Resistance due to bulk aqueous phase reaction with species i, raq, is described

in Eq. 9. It is dependent on the second order rate constant for the reaction

between ozone and any bulk phase ozone reactive species, i (ki), as well as the
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dimensionless Henry’s law coefficient, H, the concentration of species i, [i], and

the aqueous diffusivity of ozone, Daq.

raq =
H√

Daq ∑ki[i]
(9)

1.3.2 Surface Only Reactions

If uptake were occurring only due to surface reactions, the resistor model would

occur via Eq. 10 (Fig. 5c). This includes the conductance associated with sur-

face phase reaction, Γsur f , and the surface accommodation coefficient, αsur f , the

probability that a molecule that strikes the liquid surface will adsorb to the surface.

Eq. 11, describes how αaq is related to αsur f by the ratio of the rate of desolvation

from the surface, kd to the rate of solvation into the bulk phase, ksol (Davidovits

et al., 2006; Ammann et al., 2013). αaq is inherently lower than αsur f , due to the

possibility of desolvation.

1
γsur f

=
1

αsur f
+

1
Γsur f

(10)

1
αaq

=
1

αsur f
+

1
αsur f

kd

ksol
(11)

The concentration of ozone available for reaction with surface active substances

is determined by the Langmuir isotherm (Eq. 12), which depends on the near-

surface gaseous ozone concentration, [O3]gs, as well as the number of surface

sites per area, or 1/σ , where σ is the the cross sectional area of an adsorbed

ozone molecule. It also depends on the tendency of an ozone molecule to adsorb

on the water surface, which is quantified as the adsorption equilibrium coefficient

of ozone, KO3. Resistance due to surface reactions (with surface species s) is cal-

culated by Eq. 13, which includes the second order rate constant for ozone with

s (kO3−s), and the concentration of s at the surface ([s]int), and the concentration

of surface-adsorbed ozone, calculated by the Langmuir isotherm.

[O3](sur f ) =
KO3[O3](gs)

σ(1+KO3[O3](gs))
(12)
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1
Γsur f

=
ω

4
σ(1+KO3 [O3]gs)

kO3−s[s]intKO3

(13)

1.3.3 Simultaneous Surface and Bulk Reactions

For ozone uptake to seawater, a framework for ozone deposition was used which

considered the simultaneous impacts of bulk reaction and surface reaction. This

framework was described in detail in Davidovits et al. (2006), Ammann et al.

(2013) and Moreno et al. (2018). In the case of simultaneous surface and bulk

reactions, Eqs. 8 and 10 combine to give Eq. 14 (fig. 5d).

1
γ
=

1
Γdi f f

+
1

αsur f
+

1
1

kd
αsur f ksol

+ 1
Γaq

+Γsur f
(14)
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Figure 5: Resistor models for a) deposition of a non-reactive molecule. b) depo-
sition of a molecule which reacts in the bulk phase. c) deposition of a molecule
which reacts on the surface of the liquid. d) deposition of a molecule which reacts
simultaneously on the surface and in the bulk phase. Zig-zag symbols represent
instances of resistance.
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1.3.4 Limitations of the Resistor Model

Resistor models provide simple expressions for understanding gas uptake to liq-

uids, however there are some limitations arising from their simplicity. For appli-

cation of the resistor model, assumptions must be made, including that of steady

state conditions, and regarding the location of the model, i.e. whether it is on the

surface or in the bulk of the solution, however in reality, heterogeneous reactivity

is often far more complex than a binary surface vs bulk scenario. Resistor models

are also not well equipped to handle different mixing scenarios; homogeneous

mixing is assumed, therefore this must be sought experimentally.

For more detailed analysis of complex reactive scenarios, models have been

developed. Multi-layer models numerically solve coupled equations taking into

account mass transfer and chemical reactions. These models require detailed

knowledge of physical parameters for each species under analysis, and are com-

putationally complex. Additionally, many of the required physical parameters are

not well quantified, therefore large uncertainties can arise. An example of one of

these models is the KM-SUB model which explicitly calculates all stages of gas

uptake from mass accommodation, and resolving concentration gradients within

the liquid (Shiraiwa et al., 2010).

In this work the resistor model was deemed sufficient for analysis, as for the re-

actions in question, it is well established whether they occur in the bulk or the

surface of the liquid. Considerations were also made in the experimental design

to achieve homogeneous mixing of the solution. Use of multi-layer models would

allow further research into combined surface and bulk reactions, and would be

especially useful for research into product formation and emissions.

1.4 Aims of This Work

Detailed understanding of the drivers of ozone deposition to the ocean would im-

prove our mechanistic understanding of ozone deposition to the ocean, and in

turn the sinks of global tropospheric ozone concentrations; important for air qual-
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ity and human health, climate and agriculture.

Introductions to the specific chemical reactions under investigation are given in

chapter-specific introductions.

In this thesis, Chapter 2 describes the adaptation of an existing flow reactor

method for measurement of ozone uptake, to improve usability and adaptation

to field studies.

Chapter 3 describes measurement of the rate of reaction of ozone with iodide,

with particular attention to its temperature dependence. The implications of this

reaction, in terms of emissions of halogens to the atmosphere, are considered.

Chapter 4 describes measurements of ozone uptake to well-characterised, au-

thentic seawater solutions. The contribution of iodide to uptake is considered, as

well as a potential source of ”missing” organic reactivity; unsaturated fatty acids.

A conclusions chapter draws this work together, with consideration of recom-

mended future work.
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2 Flow Reactor Method Development

2.1 Abstract

A method was sought to measure ozone uptake to iodide solutions and seawater

samples. An existing flow reactor, with a movable injector, was adapted to an

improved variable flows method. In this method, the flow rate of ozone-containing

gas was varied, giving different reaction times between the gas and the liquid

phase. This set up accommodated temperature control, replenishment of the

liquid phase, and automated experimental control and logging. Two different sized

flow reactors were used, and after characterisation of the diffusive resistance,

were utilised in study of ozone uptake to iodide solutions and seawater.

2.2 Introduction

Methods to measure ozone uptake to solution include the box decay technique

(Garland et al., 1980), the droplet train technique (Magi et al., 1997), coated wall

reactors (Pöschl et al., 1998) and heterogeneous flow reactors (Shaw and Car-

penter, 2013).

The droplet train technique generates droplets of the liquid phase using a vi-

brating orifice generator. The droplets travel through a chamber at a set speed,

interacting with the gas in question. Changes in the gas phase are monitored, or

the collected droplets are measured. From known factors including droplet sur-

face area and reaction time with the gas phase, uptake can me measured.

Coated wall reactors and heterogeneous flow reactors operate on a similar prin-

cipal. The area of the liquid surface, either as a trough of liquid, or a coating on a

surface, is known and acts as a sink for the reactive gas in question. The reactive

gas under study flows through the reactor, and the reaction time between the gas

and the liquid surface is controlled, traditionally by changing the injection point of

the reactive gas.

For this work, a heterogeneous flow reactor was chosen, for its comparability to
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gas deposition over the sea surface. Previous studies using heterogeneous flow

reactors have applied ozone over seawater solution in a round flask, however this

is not optimal due to the complex gas flow patterns incurred (Fig. 6c). The gas

flow is turbulent, and this does not allow accurate calculation of reaction times

or gas flow speeds. For accurate kinetic analysis the reaction times between

reagents must be accurately known, which is possible with a laminar flow. A lam-

inar flow is a gas flow with a smooth, regular path (Fig. 6a), compared to an

unpredictable path (Fig. 6b). It is described by the Reynolds number, Re, calcu-

lated by Eq. 15. ρ is the fluid density (of air), Q is the gaseous flow speed, L is the

radius of the reactor and µ is the dynamic viscosity of the gas. A low Reynolds

number describes a more laminar flow, with Re < 2000 considered laminar. Nar-

row flow reactors were used in this project to ensure a laminar flow of ozone over

the liquid surface.

Re =
ρQL

µ
(15)

Also required from the flow reactor was the ability to replenish the liquid phase

and temperature control the flow reactor and liquid reservoir. This was to allow

study of the temperature dependence of the reaction between ozone and iodide,

and to combat chemical depletion in the low concentration iodide solutions re-

quired for this study.

The method described in this chapter is a development of an existing set-up,

which used a movable injector to alter the reaction time between ozone and a

liquid surface. The movable injector method was used in the work of Saint (2019)

and described therein. Alterations were made to allow automation of the experi-

mental run, and more comprehensive logging of instrument output and diagnos-

tics.
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Figure 6: Schematic representations of a) laminar flow of gas in a flow reactor. b)
turbulent flow of gas in a flow reactor. c) turbulent flow of gas in a round flask.

2.3 Flow Reactor Development

2.3.1 Ozone Generation and Quantification

Ozone was generated via a Pen-Ray ultra-stable ozone generator (97-0067-02,

UVP). This generator applies shortwave UV radiation at 185 nm to convert O2 to

O3 from lab-generated compressed air. This involves molecular oxygen disas-

sociation, to form atomic oxygen (R15), which can react with molecular oxygen

to form excited ozone. The excited ozone is stabilised by collision with body M

(R16).

O2 +uv (<242nm)−−→ 2O(3P) (R15)

O(3P)+O2 +M −−→ O3∗+M −−→ O3 +M (R16)

41



Chapter 2 Flow Reactor Method Development

Ozone was quantified by a Thermo 49i UV ozone monitor (specifications provided

in Table 2), with quantification via UV absorption at 254 nm. O3 is quantified by

application of the Beer-Lambert law (Eq. 16), where I is the UV light intensity of

the sample with O3, I0 is the UV light intensity of a sample without O3 (reference

gas), K is the molecular absorption coefficient of O3, 308 cm −1 (at 0◦C and 1

atmosphere), L is the path length (38 cm) and C is O3 mixing ratio in parts per

million (ppm).
I
I0

= e−KLC (16)

Table 2: Thermo 49i specifications. Precision, zero noise and lower detectable
limit are manufacturer provided (Scientific, 2007). Data acquisition period was
user-defined.

Characteristic Specification

sampling volume 1.4 SLPM
precision 1 ppb
zero noise 0.25 ppb
lower detectable limit 0.5 ppb
data acquisition period 4 s

2.3.2 Flow Reactor Design

The flow reactor was a custom made double walled glass tube, with length and

diameter to suit the intended use. The double wall design allowed temperature

control, via a Grant Optima R3/TX150 recirculating water bath. Dimensions of

the two different flow reactors used are shown in Table 3, and schematics of the

set-ups are displayed in later sections (Sections 2.3.3 and 2.3.4). For the work

on ozone-iodide kinetics, described in chapter 3, the larger flow tube was suitable

as it allowed a large range of reaction times. For field work a smaller design was

required for integration into an on-ship laboratory. As a consequence, to access

similar reaction times dilution of the sample flow was necessary. For all subse-

quent seawater measurements performed in the lab, the smaller flow reactor was

used for comparability to field measurements, and to allow measurements with
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smaller volumes of sample.

Table 3: Flow tube design details

Iodide Kinetics Seawater Studies

length (cm) 149.4 ± 0.1 78.2 ± 0.1
diameter (cm) 4.04 ± 0.04 3 ± 0.04
total volume (cm3) 1915.2 ± 40 552.8 ± 20
flow rate range (SCCM) 1200-4500 400-1200
reaction times (s) 19.8-65.0 14.1-77.0

The smaller flow reactor was designed during this project, and work was done

to ensure that an appropriate sensitivity was achieved with smaller dimensions.

Based on previous work, the anticipated minimum deposition velocity anticipated

for measurement was 0.02 cm s−1 (Saint, 2019). Different geometries were there-

fore investigated to ensure this deposition velocity was accessible.

Experimentally, deposition velocity was calculated by measuring ozone as a func-

tion of reaction time. Residual ozone was measured after each reaction time; and

a mean ozone concentration for each reaction time was obtained ([O3]t). A plot of

ln[O3] against reaction time yielded a linear trend, the gradient of which calculated

(m). vd was calculated by Eq. 17, where V is the headspace volume in cm3 and

SA is the liquid surface area in cm2.

vd =
−mV

SA
(17)

The ideal geometry would have a high surface area and a low headspace, thus

maximising the area-to-volume ratio (SA/V ). The highest surface area would be

achieved with the tube exactly half filled with liquid. Some real-world samples

(collected from from the Plymouth Marine Laboratories (PML) - see Chapter 4)

were already collected when this design was being considered, with 3 × 0.5 L

available from each weekly sampling event. The total volume available per sam-

ple was therefore 1.5 L, and this was considered as a constraint on the maximum

flow reactor volume (3000 cm3 total cylindrical volume). This would however not

allow for any pumping of the sample.
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SA/V is largest at smaller diameters (Fig. 7), therefore a narrow tube was prefer-

able. Small diameters do limit reaction time however, which increases with total

volume. Reaction time must be balanced; too small an exposure time limits sensi-

tivity, while too long a reaction time is impractical due to the time taken to stabilise

between flow rate steps. For this design, 240 s was chosen as the maximum

practical reaction time.

Figure 7: Variation in SA/V ratio (orange line, left y-axis) and maximum reaction
time (red, green and blue lines, right y-axis) with flow reactor diameter, for lengths
60, 70 and 80 cm.

The lowest deposition velocity measurable was then estimated by assuming a

lowest acceptable decrease in ozone of 2 ppb across the flow tube (in line with

the instrument noise/sensitivity, Table 2), at the lowest ozone concentration likely

to be used (20 ppb), for each geometry according to Eq. 17. The gradient, m,

was therefore estimated using ln[20ppb]− ln[18ppb], and the reaction times cal-

culated in Fig. 7. The deposition velocity lower limits for a variety of diameters of

60, 70 and 80 cm long flow tubes are displayed in Fig. 8, and are all well below

the expected minimum deposition velocities. As any of the investigated lengths

and diameters would give suitable sensitivity, sample volume was then consid-

ered. The water sample was continuously flowed through the flow reactor using

a peristaltic pump, to minimise chemical depletion by ozone. The residence time

is lowest when the volume held in the reactor is small, therefore keeping liquid

volume in the tube low was a priority.
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Figure 8: Variation in minimum measurable deposition velocity with flow reactor
diameter, for lengths 60, 70 and 80 cm.

Considering all of these points, the optimised dimensions chosen for the main

chamber of the new design were ≈ 80 cm length, 3 cm diameter. This design

maximised the SA/V ratio, and minimised sample volume. The length gave flex-

ibility in accessible reaction times. The minimum deposition velocity measurable

was anticipated to be 0.003 cm s−1, below the expected minimum of approx. 0.02

cm s−1 by a factor of nearly 10, and requires a maximum of 280 cm3 of sample

(assuming a half-full reactor). The final dimensions of the manufactured flow re-

actor are given in Table 3.

2.3.3 The Movable Injector Method

The first technique used in this project to measure ozone uptake utilised a mov-

able injector, as described in detail in Saint (2019). This was an established

method within the research group, therefore provided a starting point and base-

line for method development. This method involved injecting ozone-enriched air

at various distances along the flow tube (1.5 m, 4 cm I.D.). There was a constant

flow of air along the length of the tube, and the movable injector (1.6 m, 6 mm O.D.

glass rod) was inserted to a series of lengths, altering the reaction time between
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ozone and the solution (Eq. 18).

reaction time =
in jector length

total length
× total volume

gas f low rate
(18)

The gas flow regime used for this method was 800 SCCM carrier gas (air) and 800

SCCM ozone-enriched air from the movable injector. Equal parts ozone/carrier

gas was previously shown to be the optimal ratio, providing a good balance be-

tween minimising retro-diffusion and low aerodynamic resistance (Saint, 2019).

Retro-diffusion refers to ozone-enriched air travelling backwards from the injec-

tion site, which would disrupt laminarity of the flow. A laminar flow was sought

throughout the experiments to ensure accuracy in calculation of reaction time.

For flow = 1.6 SLPM, Re = 60, satisfying the requirement for laminar flow (Re <

2000).

A schematic of the movable injector method is provided in Fig. 9, and a picture of

the set up in Fig. 10.

ozone 
monitor

nafion 
dryer 

movable injector

ozone 
generator

carrier gas 
(air)

flow reactor w/ water jacket

fresh 
solution in

used 
solution out

Figure 9: Schematic of movable injector method
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Figure 10: Picture of large flow reactor set up for the movable injector method,
with the injector fully extended.
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To test the consistency of the gas flow in this method, the ozone output after pass-

ing through the empty flow reactor was tested at various lengths, and the results

shown in Fig. 11. The concentration obtained was consistent, except at 130 cm

exposed length, where less ozone was consistently detected. This could indicate

that a stable laminar flow had not developed at this point, and a possible expla-

nation for this is that there could be a localised high pressure near the carrier gas

inlet, limiting the flow of ozone into the tube. A different ratio of carrier gas/ozone

was also tested (1200 SCCM air/400 SCCM ozone), however a similar trend was

observed. As this effect was seen across different days, flow regimes and ozone

concentrations it was decided to use 110 cm as the maximum reaction length.

Ozone was generated from compressed air, therefore there may have been some

influence from any NOx present interacting with the generated ozone (through

photochemical cycles discussed in Section 1.2). This could be tested for by per-

forming future experiments with ozone generated from pure oxygen.

Figure 12 shows an example measurement made using this method. In this

graph, x-axis errors are displayed, which are propagated from measurement er-

rors in flow tube geometry, however these are likely to be an underestimation, as

errors in reaction length were not quantified. Reaction length was chosen by lin-

ing up the end of the movable injector with external markings on the flow reactor,

however the effects of refraction (through 2 layers of glass and 1 layer of water)

mean human error in this measurement is likely.
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Figure 11: Residual ozone measured after passing through empty flow reactor.
Exposed length is equal to the total flow tube length minus the injector length.
[O3]0 = 20 or 40 ppb, with different flow rates tested, where e.g. 1200/400 = air
flow (SCCM)/ozone flow (SCCM). Forward/backward indicates moving the inlet
from long to short exposed lengths and vice versa. Where not indicated, the
direction was forwards.

Figure 12: Example experimental output from movable injector method. Exper-
imental conditions: 1 µM iodide in 10 mM phosphate buffer (pH = 8), 40 ppb
ozone, T = 19 ◦C. x-axis error bars display error in reaction time propagated from
flow-tube geometry. y-axis errors were calculated as the standard error of the
mean of ozone concentration, however are not visible. The error in ln(ozone),
propagated from the standard error of the mean, was on the order of 10−3.
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2.3.4 The Variable Flows Method

A new method was developed for this work, based conceptually on the movable

injector method, however allowing a greater degree of automation. This method

is termed the variable flows method herein.

In this method, the flow of ozone-containing air is passed over the liquid sample at

varying flow rates, resulting in varying reaction times between O3 and the liquid

surface.

The benefits of this newly developed technique include:

• More compact for deployment on a ship

• The control of flow rates is automated, therefore precise and with a lower

possibility of human error. This improves confidence in calculation of reac-

tion times.

• All mass flow rates and pressures of mass flow controllers (MFCs) and back

pressure regulators (BPRs) are logged alongside the ozone instrument out-

put, allowing automated data collection and processing.

• Logged instrument parameters are available for troubleshooting.

A schematic of the new variable flow method is shown in Fig. 13. Lab-generated

compressed air was passed through a hydrocarbon trap. Part of the flow was

passed through an ozone generator. The concentration of ozone generated was

dependent on the residence time of the gas within the generator, therefore this

flow had to be constant at all times. If required, the ozone-enriched air was diluted

with compressed air, to give a total mass flow greater than the fastest flow rate to

be used in the experiment. An MFC was used to direct the required mass flow of

ozone-enriched air through the flow reactor or bypass line. The gas inlet in the

flow reactor was positioned above the liquid level, so the gas was, at all times,

passing over the liquid, rather than bubbling through it.

Gas flow surplus to the experimental requirement was removed from the system

by a BPR after the ozone generator, which had a vacuum pump providing the
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necessary pressure differential. Downstream of the flow reactor, the analytical

flow was dried using a Nafion dryer (with lab-generated compressed air providing

the dry counter flow), and passed through the ozone monitor. Flow surplus to

the analytical requirement was removed by a second BPR, attached to the same

vacuum pump. The BPRs were necessary to avoid pressure build up within the

sealed system, and the constant pressure in the flow tube meant that reaction

times were accurately known. The typical pressure set point for the BPR after the

ozone generator was 12 psig, and 15.0 psia for the BPR controlling the flow tube

pressure.

The liquid phase was pumped into and drained out of the flowtube continuously,

with stirrer bars providing additional mixing. For the larger flow tube 5 stirrer bars

were used, equally spaced throughout the tube, and for the smaller flow tube, 3

stirrer bars were used.

Pictures of the experimental set-up are included in Figure 14, and a detailed

experimental method is included in Appendix 6.1.1.
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Figure 13: Schematic of the experimental set up for the variable flows method.
MFC = mass flow controller, BPR = back pressure regulator.
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Figure 14: a) Labelled picture of the small flow reactor set up for the variable
flows method. 2 stirrer plates are shown (grey boxes with blue dials); during
experiments, a third stirrer plate was also present. b) Close up of inlet, with com-
ponents numbered; 1. gas inlet line 2. liquid inlet line 3. water jacket connection
to recirculating water bath. c) Close up of outlet with components numbered 1.
gas outlet line 2. liquid outlet line 3. water jacket connection to recirculating water
bath 4. additional line used for cleaning, which was not present during experi-
ments (the glass port was capped).
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To test that pressure (Fig. 15a) and ozone supply (Fig. 15b) were independent

of flow rate, the ozone output after travelling through the empty tube was mea-

sured for flows from 1600 SCCM to 9500 SCCM. Despite the large difference in

flow rates applied, only a small variation in ozone concentration of a few ppb was

observed between the maximum and minimum flow rates, which was consistent

over several hours, and could be attributed to wall losses. The small variation

in ozone concentration was deemed acceptable, and was accounted for in the

experimental blank performed each day. There was a small variation of pres-

sure (approx. 0.5 psi) in the inlet line, however this was unavoidable. The outlet

pressure, which was considered the pressure inside the tube, is held constant

throughout the experiment. To minimise the difference between inlet and outlet

pressure, it was decided to carry out the experiments at 15.0 psi, rather than 14.7

psi, as in Figure 15.

This test granted confidence that changing flow rates downstream of the ozone

generator were not influencing residence time within the generator, and hence

ozone concentration. It also demonstrated that the pressure in the flow tube was

constant, despite changing flow rates, which grants confidence in calculation of

reaction times.

Figure 15: a) pressure in inlet (blue) and outlet (purple) of flow tube during varied
flows, b) ozone concentration in ppb (purple, left axis) after variable flow rates
(blue, right axis) through the empty flow tube.

The variable flows method was used throughout this work, and for all measure-
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ments herein. Example experimental outputs can be seen in Chapter 3, Figures

23 and 24.

2.3.5 Comparison between Movable Injector and Variable Flows Methods

It was sought to confirm that the two methods gave comparable results when

measuring ozone uptake over an iodide solution (preparation described in Section

3.4.1.1). As the concept of the measurement was the same, i.e. measurement of

the residual ozone after various reaction times between ozone and the solution, it

was expected that both methods should give similar results provided all gas flows

were behaving as expected. Paired experiments were performed at 21 and 25

◦C, over a solution of 5 µM iodide, in 10 mM phosphate (buffered to pH 8) with

[O3]0 = 40 ppb. The experimental output is displayed in Fig 16 and results in Table

4. There is good agreement between results, therefore it was decided to proceed

with the variable flows method. Iodide concentrations were not verified during

these experiments, so there may have been variation in the iodide concentration

in the liquid phase, which could cause variation in ozone uptake.

The variable flow method has a lower risk of human error, as the gas flow rates

are computer controlled. In the movable injector method, there was risk of human

error in the positioning of the injector. This is potentially seen in the experimental

output, as there is some variation from linearity, which could be due to inaccu-

racies in positioning the injector. Uncertainties in reaction time are displayed in

Fig. 16, For the movable injector method, these are propagated from uncertain-

ties in headspace volume (Table 3) and injector position (10 - 130 cm, with an

uncertainty applied of ± 2 cm). For the variable flows method, uncertainties in

the reaction time are propagated from errors in the headspace volume (the same

as for the movable injector), and from the flow rate (1000 - 3000 ± 1 SCCM). The

uncertainties in reaction time for the variable flows method are approximately half

that of the movable injector method.

In calculation of uncertainty of aqueous resistance, in both instances uncertain-

ties were considered from uncertainty in surface area, headspace volume, and
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Figure 16: Experimental output for movable injector (MI) and variable flows (VF)
methods. Experiments were performed at 21 (left) or 25 (right) ◦C, over a solution
of 5 µM iodide, in 10 mM phosphate (buffered to pH 8) with [O3]0 = 40 ppb

gradient of ozone change with reaction time (the analytical method is described

in detail in Chapter 3). The uncertainty in surface area and headspace volume

was the same for both methods. The uncertainty in surface area could be reduced

by adapting the apparatus to have a trough of known surface area. This would

mean the surface area would not have to be determined by calculation from the

liquid volume (Appendix 6.2.2). The main difference between the methods with

regards to uncertainty was in reaction time. To test if differences in uncertainty

with regards to reaction time had a large impact on slope error, the gradient of

ozone change with reaction time for both methods was analysed using a York re-

gression, with consideration of uncertainties in both the x (ln[O3]) and y (reaction

time) directions; for the variable flows method, the slope uncertainty was 10.2 and

3.6 % for 21 and 25 ◦C, respectively, compared to 3.8 and 3.9% for the movable

injector method. The variable flows experiment at 21 ◦C was an early test of this
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method, performed over a narrow range of flow rates due to equipment availability

at the time, causing a larger uncertainty, not representative of later experiments.

The experiment at 25 ◦C was performed over a range of flows more typical of the

work described in this thesis, and had a similar precision compared to the mov-

able injector method. Propagated through to aqueous resistance values, results

are displayed in Table 4. The two methods are deemed to be similar in precision,

however the variable flows method is still less prone to human error.

Additionally, the data processing for the variable flows method could be more

streamlined, and automated by coding in R (Team, 2021). For the movable in-

jector method, because the position of the injector was not logged, it was difficult

to automate analysis, therefore data processing had to be performed manually in

Excel, and thus had a greater risk of human error.

Table 4: Comparable experiments from variable flows and movable injector meth-
ods

Method Temperature (◦C) raq (s cm−1)

Movable injector 21 9.8 ± 0.8
Variable flows 21 8.7 ± 1.6
Movable injector 25 9.2 ± 0.8
Variable flows 25 8.4 ± 0.7

2.3.6 Background and Blank Measurements

2.3.6.1 Ozone Uptake to Plastic Tubing and Fittings

A first background measurement was taken to evaluate if there was ozone uptake

to the tubing (perfluoroalkoxy alkane, PFA) and fittings (PFA and stainless steel),

which were used extensively in the setup. To test this, ozone was flowed at the

experimental flow rates through the bypass line. It was not possible to calculate

the volume of the internal tubing and fittings, therefore reaction times could not

be calculated. The ozone concentration as a function of flow rate is displayed in

Figure 17.

It was observed that there was a variation of approximately 4 ppb between the

highest and the lowest flow rates. This ambient loss will be accounted for in the

56



Chapter 2 Flow Reactor Method Development

blanks performed prior to measurement, whether to the glass surface or to the

phosphate buffer.

Figure 17: Ozone concentration after various flow rates through the bypass line.
The x axis shows the timescale of the experiment.

2.3.6.2 Ozone Uptake to Glass Surface of Flow Reactor

For measurements of ozone uptake to seawater samples, background measure-

ments were performed to determine any uptake to the glass flow reactor surface.

The glass surfaces (as well as tubing and fittings) were pre-conditioned with a

high concentration of ozone for at least an hour prior to the measurement, or until

the measured ozone concentration downstream of the flow reactor was stable for

> 15 minutes.

The gradients of the blank measurements over the glass surface are displayed in

Figure 18. The mean gradient is -0.0012 s−1, with a standard deviation of 0.0013

s−1. To apply this blank, the glass gradient was then subtracted from the seawater

gradient.

2.3.6.3 Ozone Uptake to Phosphate Solution

The third type of blank which was considered was ozone uptake to a phosphate

buffer solution (10 mM H2PO4, Sigma-Aldrich, with pH adjusted to 8.0 with small

additions of NaOH). This blank accounts for uptake to the exposed glass surface,

tubing and fittings, and was used for the kinetics work described in Chapter 3. In

57



Chapter 2 Flow Reactor Method Development

Figure 18: Histogram of gradients of ln[O3] against reaction time for blank mea-
surements over the glass surface, measured prior to PML samples, reported in
Chapter 4.

this work, the phosphate solution was pre-conditioned with a high concentration

of ozone for at least one hour to remove ozone-reactive contaminants (or until the

downstream ozone measurement was stable, as above), before measurement

of ozone uptake to the liquid surface. The same solution was then spiked with

iodide, and the uptake re-measured. Further details on this procedure are de-

scribed in Chapter 3.

Ozone uptake over the phosphate solution was measured prior to each mea-

surement of ozone-iodide kinetics. The gradients of measurements for the blank,

compared to the iodide measurements, are shown in Figure 19. The mean gradi-

ent is -0.0044 s−1, with a standard deviation of 0.0016 s−1.

The gradient was slightly greater over the phosphate buffer solution than to the

glass surface (glass range = -0.0033 s−1 to 0.0005 s−1, phosphate buffer range =

-0.0068 s−1 to -0.001 s−1). While ozone solubility in pure water is low, its uptake

could be increased by contaminants in the phosphate or NaOH used to prepare

the buffer solution. It was attempted to avoid this by extensive pre-oxidation with

ozone, however some increased reactivity proved to be unavoidable. Despite this,

it is observed that the blank measurements are distinct from the iodide-containing

measurements in all cases.
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Figure 19: Histogram of gradients of ln[O3] against reaction time for blank mea-
surements over phosphate buffer (pink) and iodide-containing measurements
(turquoise), for work reported in Chapter 3.
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2.3.7 Characterisation of Aerodynamic Resistance

It was intended to use the flow reactors to quantify uptake due to chemical reac-

tions in or on the liquid, therefore gas-phase resistances, rdi f f , were measured

for subtraction. In the environment, there is variation in rdi f f , mostly controlled

by wind speed, however in the controlled environment of the flow reactor, these

resistances are constant. rdi f f can therefore be measured and subtracted from

rtot , allowing isolation of the chemically-driven uptake for each sample. By mea-

suring ozone uptake over a solution which is very reactive to ozone (e.g. 0.02 M

iodide), the conductance due to chemical reactions (rc in Eq. 4) becomes very

high, and rtot ≈ rdi f f (Garland et al., 1980). For such high iodide concentrations,

iodide was expected to react on the liquid surface (Moreno et al., 2018). In this in-

stance, rc was represented by 1/Γsur f . Subtraction of rdi f f from measured rtot , as

the inverse of the measured deposition velocity, allows isolation of the resistance

to chemically-driven uptake. rdi f f was calculated separately for both flow reactor

sizes.

2.3.7.1 Large Flow Reactor

For [I−] = 0.02 M, it was confirmed that rtot (≈ rdi f f ) was not dependant on ozone

concentration. rtot was measured over 6 ozone concentrations, using the larger

flow reactor, and experimental measurements are displayed in Fig. 20.

Calculated rtot values are displayed in Fig. 21. There was no statistically signif-

icant trend in rtot with applied ozone, it was therefore concluded that rdi f f is not

dependent on ozone concentration. Due to the high uptake over such a high con-

centration iodide solution, 80 ppb was the lowest applied ozone mixing ratio which

gave measurable residual ozone concentrations. The assumption was made that

this trend was still valid when extrapolated to the lower ozone mixing ratios used

for many of the measurements described in this work (down to 40 ppb).

Similarly, to ensure the contribution from liquid phase reactions were negligible,

the same measurement was also repeated over increasing concentrations of io-

dide, on the understanding that if rc was truly negligible, increasing the iodide
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Figure 20: Measured residual ln[ozone] against reaction times for various applied
ozone concentrations. [I−] = 0.02 M, using the large flow reactor.
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Figure 21: Variation in measured rtot with applied ozone. [I−] = 0.02 M, large flow
reactor.

concentration should not influence rtot . These experiments were carried out with

the larger flow reactor, using the movable injector method. Results are displayed

in Table 5 and Fig. 22, and do not show a significant trend of decreasing rdi f f

with increasing iodide, indicating that the iodide concentration is sufficiently high

at 0.02 M. Values obtained in the iodide concentration study (Table 5) were not

included in the average rdi f f reported below on account of the different method-

ology used. It is believed that the trend, or lack thereof, is applicable across

methodologies.

rdi f f for the larger flow reactor (used for kinetic studies, Chapter 3) was 6.6 ±

0.14 s cm−1. This was the mean value obtained in the ozone-dependence series
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(Fig. 21), and the reported error is the standard error of the mean.

Table 5: Change in rdi f f with increasing iodide concentration, at room tempera-
ture.

KI (M) ozone (ppb) rdi f f (s cm−1)

0.02 173 3.81 ± 0.44
0.05 449 3.63 ± 0.35
0.10 446 3.16 ± 0.36
0.25 472 3.58 ± 0.29
0.50 466 3.10 ± 0.44

R = − 0.66, p = 0.23
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Figure 22: Variation in measured rtot with applied iodide concentration. [O3]0
outlined in Table 5, experiments carried out in the large flow reactor.

2.3.7.2 Small Flow Reactor

The same measurement was performed for the smaller seawater flow reactor.

Over 0.02 M iodide at room temperature, with 430 ppb ozone, three measure-

ments were performed, giving rtot = 4.54, 4.47 and 4.64 s cm−1, with an average

of 4.55 ± 0.05 s cm−1.

2.3.7.3 Estimating Diffusive Resistance from Gas Diffusion

Another method for estimation of rdi f f in the flow reactor was investigated, ac-

counting for the physical effects of gas diffusion across the laminar flow (Knopf

et al., 2015). These corrections account for reductions in the mixing ratio of an-

alyte gas in the bulk gas phase, [O3]g, at the reactive surface, leading to a near
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surface mixing ratio [O3]gs, where [O3]gs < [O3]g.

Eq. 19 describes the correction factor, Cg,O3, which is the ratio of near-surface

ozone concentrations to bulk ozone concentrations, as well as relating the ef-

fective (measured) uptake, γe f f ,O3 to the true uptake, γO3. γe f f ,O3 and associated

error are calculated by Eqs. 20 and 21, from the measured deposition velocity,

and ωO3, the thermal velocity of ozone in air, calculated using Eq. 22, where kB is

the Boltzmann constant, T is the temperature in Kelvin and m is the mass of an

ozone molecule.

To calculate γO3 from γe f f ,O3, Eq. 23 is applied, which uses the Knudsen number,

KnO3
, and effective Sherwood number Ne f f

Shw to account for effects of gas phase

diffusion limitations. Systematic errors in Ne f f
Shw and KnO3

were determined to be

negligible, allowing 3/2Ne f f
Shw ×KnO3

to be considered a constant in error analysis,

denoted a in Eq. 24, from which error in γO3 was calculated.

The Sherwood number describes the ratio of convective mass transfer to the rate

of diffusive mass transport. The effective Sherwood number, Ne f f
Shw, can be approx-

imated by Eq. 25, where A = 0.0978, B = 0.0154 and l* is the dimensionless axial

distance calculated by Eq. 26, normalising the axial distance, l (= tube length)

using the ratio of Dg,O3 to volumetric flow rate, Q. As Ne f f
Shw is dependent on Q,

which varies throughout the experiment, it was investigated whether the varying

flow rates used in these experiments would require separate treatment in gas

phase diffusion corrections. For experimental flow rates of between 1600 – 4500

SCCM, Ne f f
Shw was calculated as 3.73 – 3.86. Due to the small variation in Ne f f

Shw,

it was decided to apply the mean value (Ne f f
Shw = 3.78) in all instances to simplify

calculations. Error in Ne f f
Shw is reported as half of the range of the 5 possible values

corresponding to each experimental flow rate, σNe f f
Shw

= 0.06.

The Knudsen number (KnO3
), Eq. 27, is a unitless dimension describing the ratio

of the mean free path of a molecule compared to the hydraulic diameter of the

flow tube (Eq. 28). The mean free path of an ozone molecule λO3 was calculated

using Eq. 29, where Dg,O3 is the gas phase diffusion coefficient. KnO3
for this

system was calculated as ≈ 6.5 x 10−6 ± 1.7 × 10−7 (reported error is standard
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deviation across all measurement days). KnO3
<< 1 can indicate the flow could

be considered as a continuum, except in situations where the uptake coefficient

is low and is of a similar magnitude as KnO3
. For all experiments reported herein,

γO3 is of the same order of magnitude as KnO3
, therefore gas phase diffusion cor-

rections must be carried out, using Eq. 23.

Cg,O3 =
[O3]gs

[O3]g
=

γe f f ,O3

γO3

(19)

γe f f ,O3 =
4vd

ωO3

(20)

σγe f f ,O3
=

4
ωO3

√
σvd

2 (21)

ωO3 =

√
3kBT

m
(22)

γO3 =
γe f f ,O3

1− γe f f ,O3(
3

2·Ne f f
Shw·KnO3

)
(23)

σγO3
=

√
(

γe f f ,O3
−2

(γe f f ,O3
−1 −a)2 ·σγe f f ,O3

)2 (24)

Ne f f
Shw = 3.6568+

A
l ∗+B

(25)

l∗=
πDg,O3l

2Q
(26)

KnO3
=

2λO3

hydraulic diameter
(27)

hydraulic diameter = 4× rh (28)

λO3 =
3Dg,O3

ωO3

(29)

This method was compared against the rdi f f obtained by direct measurement.

For a series of measurements of ozone uptake to iodide solution (experiments

described in Chapter 3, which used the large flow reactor), the rdi f f obtained

using the Knopf et al. (2015) method was investigated.

The corrected uptake (γO3) was converted to vd using Eq. 20, and subsequently to

a diffusion-corrected rtot . This was subtracted from the measured rtot to obtain the
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rdi f f introduced by this method. The average rdi f f calculated by this method was

6.25 ± 1.1 s cm−1, showing good comparability to the air resistance measured

for the large flow reactor (6.6 ± 0.14 s cm−1).

The good comparability between methods granted confidence in the measured

rdi f f , however, there is error introduced due to this method being designed for

a perfectly cylindrical flow reactor, when the true headspace is not. This was

accounted for by the calculation of the hydraulic diameter, however uncertainly

remains.

For simplicity in data processing, and due to the benefit of having a direct rdi f f

measurement, it was decided to proceed with the measured rdi f f for analysis of

iodide kinetics described in Chapter 3, and ozone uptake to seawater in Chapter

4.

2.4 Chapter Conclusion

A flow reactor was developed for measurement of ozone uptake to solution. Based

on the movable injector method, the variable flows method was developed whereby

the linear flow rate of ozone was changed in a series of steps, allowing a range

of reaction times between gas phase ozone and the liquid surface. Functionality

was included to allow temperature control and replenishment of the liquid phase.

Two different sizes of flow reactor were designed and produced which allow mea-

surement of the kinetics of the reaction between ozone and iodide, and of ozone

uptake to seawater. Both methods were characterised in terms of their diffusive

resistances and relevant background measurements, allowing isolation of the im-

pact of chemical reaction on ozone uptake.

The variable flows method shall be used throughout this work, with the large flow

reactor being used in Chapter 3 for measurement of the kinetics of the reaction

between ozone and iodide, and the smaller flow reactor being used for measure-

ment of ozone uptake to seawater samples in Chapter 4.
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3 Negligible Temperature Dependence of the Ozone-

Iodide Reaction and Implications for Oceanic Emis-

sions of Iodine

3.1 Statement of Authorship

This chapter was published in Atmospheric Chemistry and Physics (Brown et al.,

2024). It is presented here with additional clarification at points, and minor alter-

ations to some terminology and symbols, for consistency with other thesis chap-

ters. Contributions from co-authors were as follows;

• Lucy V. Brown carried out laboratory work, analysis of experimental and

model output and prepared the paper.

• Ryan J. Pound developed and ran the SML model.

• Lyndsay S. Ives assisted with laboratory work as part of flow reactor training.

• Matthew R. Jones carried out iodide quantification.

• Stephen J. Andrews assisted with development of the laboratory method.

• Lucy J. Carpenter oversaw laboratory and modelling work, and paper prepa-

ration.

3.2 Abstract

The reaction between ozone and iodide is one of the main drivers of tropospheric

ozone deposition to the ocean, due to the ubiquitous presence of iodide in the

ocean surface and its rapid reaction with ozone. Despite the importance of this

sea surface reaction for tropospheric ozone deposition, and also as the major

source of atmospheric iodine, there is uncertainty in its rate and dependence on

aqueous phase temperature. In this work, the kinetics of the heterogeneous sec-

ond order reaction between ozone and iodide were investigated using conditions
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applicable to coupled ocean-atmosphere systems (1×10−7 – 1×10−5 M [iodide],

40 ppb ozone, 288 – 303 K, 15.0 psi).

Measurement at room temperature (298 K) yielded a second order rate constant

of k = 3.8 ± 1.1 ×109 M−1 s−1. The Arrhenius parameters determined of A = 5.4

± 23.0 ×1010 M−1 s−1 and Ea = 7.0 ± 10.5 kJ mol−1 show that the reaction has

a negligible positive temperature dependence, which could be weakly negative

within errors. This is in contrast to a previous study that found a strong positive

activation energy and a pre-exponential factor many orders of magnitude greater

than determined here.

The re-measured kinetics of ozone and iodide were used to constrain a state-of-

the-art sea surface microlayer (SML) model. The model replicated results from

a previous laboratory study of the temperature dependence of hypoiodous acid

(HOI) and molecular iodine (I2) emissions from an ozone-oxidised iodide solution.

This work has significance for global modelling of dry deposition of ozone to the

ocean and the subsequent emissions of iodine-containing species, thus improv-

ing understanding of the feedbacks between natural halogens, air quality, and

climate change.
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3.3 Introduction

As discussed in Chapter 1, oceanic dry deposition is influential in global atmo-

spheric models due to the significant coverage of the Earth by oceans. Despite

some varied measurements of the magnitude of of the deposition velocity to the

ocean (Table 1), a lack of strong mechanistic understanding and accurate param-

eterisation methods means global ozone models typically apply a single global

deposition velocity of 0.05 cm s−1.

For oceanic dry deposition of ozone, gas transfer is fast but the solubility of ozone

is low, therefore deposition is thought to be largely driven by chemical reactions.

One of the most significant reactions governing oceanic ozone deposition is its

reaction with iodide (R17). This reaction has been hypothesised to proceed via

the unstable intermediate [OOOI]−, decaying to products IO− and O2. The com-

plex [OOOI]− is proposed to be short lived, and theoretically could also decom-

pose back to the reactants, however the backwards path is thermodynamically

unfavourable, and decomposition to IO− and O2 is expected to be the dominant

pathway (von Sonntag and von Gunten, 2015; Sakamoto et al., 2009). Several

studies have demonstrated that oceanic concentrations of iodide enhance the

deposition velocity of ozone (bo Oh et al., 2008; Ganzeveld et al., 2009; Cole-

man et al., 2010; Sarwar et al., 2016). Sarwar et al. (2016) quantified the ef-

fect of iodide in seawater as a 0.023 cm s−1 enhancement in ozone deposition

velocity (vd), or an increase in median modelled oceanic vd over the Northern

Hemisphere from 0.007 cm s−1 with no explicit chemical effect applied, to 0.030

cm s−1 when ozone-iodide interactions are included. Iodide concentrations at

the sea surface are positively correlated with temperature (Chance et al., 2014;

MacDonald et al., 2014; Sherwen et al., 2019). It should however be noted that

at higher temperatures, deposition may become limited by reduced ozone solu-

bility in water, thereby minimising the impact of iodide in tropical and sub-tropical

regions (Ganzeveld et al., 2009).

O3 + I− ⇌[OOOI]− −−→ IO−+O2 (R17)
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The mechanism of the ozone-iodide reaction depends upon the surrounding con-

ditions, specifically the concentrations of iodide and ozone, thus experimental

studies can potentially differ in their conclusions depending on their choice of

these parameters (Moreno et al., 2018). At iodide concentrations below ∼10−5

M, as found in oceanic systems (Chance et al., 2019), the reaction with ozone

is thought to occur in the bulk aqueous phase, where ozone is dissolved into

solution before reacting. The alternative is surface reactivity following Langmuir-

Hinshelwood kinetics, which occurs at higher concentrations of iodide (Moreno

et al., 2018; Moreno and Baeza-Romero, 2019). Further, it is known that many

other ocean-relevant species, particularly organic compounds, react with ozone

via a Langmuir-Hinshelwood mechanism, e.g. chlorophyll-a, polyunsaturated

fatty acids such as linoleic acid and oleic acid, and polycyclic aromatic hydrocar-

bons (PAHs) such as naphthalene, anthracene and pyrene (Mmereki and Don-

aldson, 2003; Mmereki et al., 2004; Donaldson et al., 2005a; Raja and Valsaraj,

2005; Clifford et al., 2008; Zhou et al., 2014).

To quantify the impact of the ozone-iodide reaction on oceanic dry deposition of

ozone, the concentration of iodide [I−] and second order rate constant for the

ozone-iodide reaction, kI−−O3, must be known. Iodide concentrations in the sur-

face ocean have been measured by several authors, and are typically within the

range of 20-200 nM (Souza and Gupta, 1984; Campos et al., 1996, 1999; Chance

et al., 2014), with Chance et al. (2014) reporting a median of 74 nM and interquar-

tile range of 27 to 135 nM at the sea surface.

The second order rate constant for the reaction between ozone and iodide, kI−−O3,

has been measured in the past, under a range of conditions (Garland et al., 1980;

Hu et al., 1995; Magi et al., 1997; Liu et al., 2001; Rouvière et al., 2010; Shaw

and Carpenter, 2013). Published kI−−O3 values, measured at room temperature,

range between 1−4×109 M−1 s−1. Only one previous study has investigated the

temperature dependence of this reaction, obtaining a strong positive dependence

with temperature (A = 1.4 × 1022 M−1 s−1 and Ea = 73.08 kJ mol−1, with an esti-

mated error of 40% (Magi et al., 1997)), although this study was carried out under
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conditions which could promote surface reactivity. It is important to determine the

temperature dependence of this reaction under conditions which favour the bulk

reaction. Accurate measurement of the temperature dependence of the ozone-

iodide reaction will allow better understanding and prediction of global ozone de-

position and iodine-containing emissions.

The reaction between ozone and iodide leads to emissions of hypoiodous acid

(HOI) and I2 according to reactions R18 - R22. Emissions of gaseous iodine have

significant impacts on tropospheric ozone. Photolysis of gaseous iodine species

produces atomic iodine (I) which is rapidly oxidised to IO by ozone. IO is lost

by reaction with HO2 to re-form HOI. Photocycling of iodine-containing species

therefore leads to efficient destruction of ozone in the troposphere (Read et al.,

2008; Saiz-Lopez and Glasow, 2012), as well as halogen monoxides directly af-

fecting OH and HO2 concentrations in the troposphere (Simpson et al., 2007).

Furthermore, recent measurements have revealed the presence of iodine in the

lower stratosphere, contributing to stratospheric ozone loss, primarily via hetero-

geneous chemistry occurring on particles (Koenig et al., 2020). Understanding

the temperature dependence of the reaction between ozone and iodide is there-

fore also important for understanding ozone loss in the low temperatures of the

stratosphere.

IO−+H+ ⇌ HOI (R18)

HOI+ I− −−→ HOI−2 (R19)

HOI−2 +H+ −−→ I2 +H2O (R20)

HOI(aq) ⇌ HOI(g) (R21)

I2(aq) ⇌ I2(g) (R22)

It is clear that knowledge of the kinetics of the reactions of ozone with iodide is es-

sential for understanding reactivity at the sea surface and, in particular, required

for accurate modelling of ozone dry deposition to the ocean and subsequent emis-
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sions of iodine-containing species. In this chapter, the second order rate constant

of the reaction between ozone with iodide and its associated temperature depen-

dence were measured. Our study employed conditions which emulated oceanic

reactivity of iodide, i.e. low concentrations of iodide and ozone, to target bulk

reactivity. We then use this kinetic knowledge to explore previous lab studies of

iodine-containing emissions using a recently developed coupled-chemistry ocean

atmosphere exchange model.
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3.4 Methods

3.4.1 Experimental Method

Ozone uptake was measured following the method development described in

Chapter 2. The large flow reactor was used, with the variable flows technique.

3.4.1.1 Sample Preparation

Ozone was generated by a Pen-Ray ultra-stable ozone generator (97-0067-02,

UVP), and the concentration adjusted by moving the lamp jacket. The flow was

then diluted by dried, hydrocarbon scrubbed compressed air (lab generated). The

ozone concentrations introduced into the flow reactor were measured by bypass-

ing the flow reactor, with detection by a commercial UV photometric ozone anal-

yser (model 49i, Thermo) (Table 2). The primary experimental media was 10 mM

phosphoric acid (H2PO4 ; Sigma-Aldridge, 98.5 – 101%) in pure water (HPLC

grade, Fisher Chemical) at pH 8, attained through small volume additions of 20%

NaOH. The primary media was then ozonized to remove ozone-reactive contam-

inants. After ozonisation and blank measurement, the primary solutions were

spiked with an iodide standard (5 mM) to the desired concentration. Potassium

iodide (KI; 99% purity, Fluorochem) standards were gravimetrically prepared in,

and subsequently diluted by, ultra-pure deionised water (18.2 mΩ).

3.4.1.2 Gas Flow Control

The temperature-controlled kinetic heterogeneous flow reactor outlined in Fig.

13 was used, using variable flow rates of ozone, and hence variable exposure

times, over iodide solutions, as described in Section 2.3.4. Hydrocarbon-filtered

dry air was separated into three flows; ozonized air controlled by mass flow con-

troller 1 (MFC 1, Alicat, MC-10SLPM-D/CM, CIN), a diluent flow (MFC 2, Alicat,

MCP-50SLPM-D/5M) and a third flow diverted to a Nafion dryer (MFC 3, Aalborg,

GFC17). The combination of flows from MFC1 and MFC2 enabled the generation

of a large total flow of ozone-enriched air with a constant ozone concentration.

This ozone enriched air was passed either through the flow reactor or a bypass
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line (MFC 4, Alicat, pc-30PSIA-D-PCV65/5P); any excess was removed through

a back pressure regulator (BPR 1, Alicat, PCP-100PSIG-D/5P). Downstream of

the flow tube the gas was dehumidified using a Nafion dryer (Perma Pure, MD-

110-12F-4) and analysed by the ozone monitor (∼ 1.4 SLPM). Gas surplus to the

analytical requirement was removed from the system by BPR 2 (15.0 psi), which

was a modified MFC (Alicat, MCP-10SLPM-D/CM). This was modified by using

absolute pressure as the process variable, and moving the valve downstream of

the pressure sensor. The valve action was then inverted, meaning an increase of

pressure in the flow reactor would cause an opening of the valve, allowing con-

stant pressure to be maintained. All ozone-containing gas was passed through a

charcoal scrubber prior to venting. The ozone monitor was logged using DAQFac-

tory, and all Alicat MFCs and BPRs were controlled and logged with DAQFactory

(Azeotech).

3.4.1.3 Temperature and Fluid Control

The flow reactor was temperature controlled by a water jacket, supplied by a

recirculating water bath chiller (TX150 and R3, Grant Instruments). The iodide

or blank solutions were held within the reservoir of this water bath to equilibrate

their temperature. In order to minimise any depletion of iodide from the solution

during exposure to ozone, it was continuously pumped into the flow reactor using

a peristaltic pump (100 series, Watson Marlow) via chemically resistant flexible

tubing (Marprene, Watson Marlow). Once passed through the flow tube, the io-

dide solution drained into a sealed, pressure equilibrated waste bottle.

To estimate the iodide depletion during the course of the experiment with no re-

plenishment, the rate of loss of iodide, −d[I−]/dt, was calculated from the second

order rate constant for ozone and iodide and the molar concentrations of iodide

and ozone in the reacto-diffusive layer of ozone (Eq. 30). In these calculations

kI−−O3= 1.2 × 109 M−1 s−1 was used (Liu et al., 2001). The reacto-diffusive depth

of ozone, δ , is the thickness of the layer in which the ozone-iodide reaction can

occur (Davidovits et al., 2006), calculated by Eq. 31. Daq is the molecular dif-

fusivity of ozone in water (1.90 × 10−9 M−1 s−1 at 298 K), calculated using the
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temperature-dependent relationship Eq. 32, where T is the temperature in Kelvin

(Johnson and Davis, 1996). The reacto-diffusive depth multiplied by the surface

area of the liquid gives the liquid volume in the flow reactor in which ozone is

available for reaction, Vδ (Eq. 33). Loss of iodide in the reacto-diffusive depth

(I−loss), in moles per second, was calculated by Eq. 34, and total loss of iodide

during the total experiment time was calculated by Eq. 35. The potential percent

loss of iodide was therefore calculated, relative to the starting iodide concentra-

tion (I−applied) by Eq. 36. Where the expected loss of iodide was greater than 10%

the solution was pumped through the flow reactor sufficiently fast to give a resi-

dence time (Eq. 37) which, when applied in Eqs. 35 and 36 gave a I− percentage

loss of < 10%. Pump rates therefore varied with iodide concentration, however it

was verified experimentally that pump rate did not affect deposition velocity within

the flow tube.

d[I−]
dt

=−kI−−O3[O3][I−] (30)

δ =

√
Daq

kI−−O3 [I
−]

(31)

Daq = 1.10×10−6exp(
−1896

T
) (32)

Vδ = δ ×SA (33)

I−loss =
−d[I−]

dt
×Vδ (34)

I− loss (absolute) = I−loss × total experiment time (35)

% loss I− =
I− loss (absolute)

I−applied
×100 (36)

residence time =
liquid volume

pump rate
(37)

3.4.2 Determining Aqueous Resistance and Ozone Uptake

To measure raq, ozone-containing gas ([O3]0 = 40 ppb) was passed over the

buffered blank solution or iodide solutions, that were pumped through the reactor
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at liquid flow rates of between 9 – 35 ml min−1. Gaseous flow rates were set at

1600, 1900, 2400, 3200 and 4500 SCCM, giving possible ozone-solution reaction

times ranging from 20 – 66 s (Eq. 38).

reaction time =
headspace volume

f low rate
(38)

The buffered phosphate solution was pre-ozonised by passing a high concentra-

tion of ozone (approx. 200 ppb) over the solution in the flow reactor. The total

volume of buffer solution required for the experiment was circulated through the

reservoir and flow reactor during this time to ensure the entire solution was pre-

ozonised. This was continued until a stable ozone concentration was obtained,

which typically took around an hour. At this point the glass, tubing, fittings and

buffer were considered ”conditioned”. The ozone concentration was lowered to

the desired experimental concentration, measured while flowing through the by-

pass line, which had also been pre-conditioned with ozone. The blank measure-

ment was then carried out over the buffer solution, which was pumping through

the flow reactor. Blanks were performed in duplicate or triplicate. Directly follow-

ing the blank measurement, the solution was spiked with iodide into the reservoir,

and the solution mixed and circulated through the flow reactor for approximately

10 minutes to ensure homogeneity. During mixing the ozone was passed through

the bypass line to avoid reaction. The iodide measurement was performed di-

rectly after mixing, in triplicate. An example experiment output is shown in Fig.

23.

Residual ozone was measured after each reaction time; and a mean ozone con-

centration for each reaction time was obtained ([O3]). A plot of ln[O3] against

reaction time (Fig. 24) yielded a linear trend, the gradient of which was calcu-

lated for each repeat of both the blank (mblank), and the iodide-containing samples

(msample), which were each averaged. A blank corrected gradient (mcorrected, Eq.

39) was used to calculate vd by Eq. 40, where V is the headspace volume and

SA is the liquid surface area. (values for all physical constants and meta data pro-

vided in Appendix 6.2.1 and calculations described in Appendix 6.2.2). Errors in
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Figure 23: Experimental output for a typical measurement, including residual
ozone measured downstream of the flow tube and the concurrent flow rate of
ozone over the solution. A blank measurement and the measurement following
iodide spiking are shown. The red filled circle indicates the timing of the collection
of the iodide “midpoint” sample from the waste stream. Experimental conditions:
T = 303 K, [I−] = 633 nM, phosphate buffer (10 mM, pH = 8), [O3]starting = 40 ppb.
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vd were propagated from uncertainty in V and SA, as described in Appendix 6.2.2,

and from the standard errors of the respective gradients (in this case, msample and

mblank.

Total resistance, rtot , is the inverse of gas-phase corrected vd, from which raq can

be calculated (Eq. 4). rdi f f is variable in the environment, but constant in the con-

trolled environment of the flow reactor. Measured over a high iodide concentration

(0.02 M), it is assumed that there is negligible liquid-phase resistance, therefore

1/rtot ≈ 1/rdi f f (Galbally and Roy, 1980). When measured for this flow reactor, an

rdi f f of 6.6 ± 0.14 s cm−1 was obtained (Section 2.3.7). This value was subtracted

from total resistance measured for each sample.

mcorrected = msample −mblank (39)

vd =
−mcorrectedV

SA
(40)

The relationship between the second order rate constant, kI−−O3, and raq was

defined by Eq. 9, where H is the temperature-dependent dimensionless Henry’s

law coefficient of ozone (Hgas/aqueous = 3.63 at 298 K), calculated using Eq. 41

(Kosak-Channing and Helz, 1983), T is the solution temperature (K) and µ is the

molar ionic strength (≈ molar concentration, at the concentrations used in this

work). To apply Eq. 9 to our measurements, for each temperature applied, a plot

of 1/raq against
√
[I−] gave a linear relationship (see Section 3.5.1, Fig. 26), from

which the gradient, m, was used to calculate kI−−O3, according to Eq. 42.

lnKh =−2297T−1 +2.659µ −688.0µT−1 +12.19 (41)

kI−−O3 =
(mH)2

Daq
(42)
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Figure 24: ln[O3] against reaction time for experimental conditions: T = 303 K,
[I−] = 633 nM, phosphate buffer (10 mM, pH = 8), [O3]0 = 40 ppb.

3.5 Results and Discussion

3.5.1 Kinetics and temperature dependence of the ozone-iodide reaction

Conditions within the flow reactor were chosen to emulate the remote marine

surface ocean and atmospheric boundary layer. The mixing ratio of ozone in

air was not expected to affect ozone uptake to iodide solution, as under these

conditions a bulk aqueous reaction between ozone and iodide is anticipated, for

which a lack of ozone dependence is characteristic. Dependence of uptake on the

mixing ratio of ozone would be expected if the reaction proceeded via a surface-

mediated Langmuir-Hinshelwood reaction. This is due to surface saturation of

ozone at higher mixing ratios limiting potential reactivity on the surface. There-

fore, a greater ozone uptake would be expected at lower ozone mixing ratios.

Under the conditions of our experiments, there was no significant dependence of

deposition velocity on ozone mixing ratio (Fig. 25, p = 0.74), confirming the reac-

tion occurs in the bulk phase under the conditions employed. Despite the lack of

dependence of ozone mixing ratio on reactivity, consistent conditions of 40 ppb
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ozone were used in each experiment to mimic a typical mixing ratio of ozone in

the troposphere (Betancourt et al., 2022). Similarly, although there is evidence

that pH has no impact on ozone deposition to iodide solutions (Schneider et al.,

2022), the solutions were buffered to pH 8 to mimic typical oceanic alkalinity.

R2 = 0.066 , p = 0.740.04
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−1
)

Figure 25: Deposition velocity as a function of ozone mixing ratio over iodide in
phosphate buffer (10 mM, pH = 8). Mean [I−] = 1.79 µM (1.70, 1.73. 1.93, 1.79
µM, from lowest to highest ozone mixing ratio), T = 298 K.

Iodide was the reagent in excess in the pseudo-first order conditions sought for

kinetic analysis. At the low iodide concentrations required to emulate marine con-

ditions, iodide was expected to be depleted during the ∼90-minute experiment

time (Schneider et al., 2020), therefore the liquid phase in the flow reactor was

continuously replenished from a reservoir, passing through the flow reactor and

out to waste. To verify that the chosen pump rate was sufficient to keep iodide

depletion below 10% during the residence time of the liquid in the reactor, liquid

samples were collected before and after being exposed to ozone in the flow reac-

tor. The sample after the flow reactor was taken at the mid-point of the experiment

(ozone flow rate 3 of 5, during run 2 of 3, indicated by the red diamond on Fig. 23).

For all reported experiments, the iodide concentration after the experiment was

verified by liquid chromatography. It was confirmed that the concentration during

the mid-point of the experiment, taken to represent average iodide loss across all
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ozone exposure times, was <10% different from the starting concentration (Ap-

pendix 6.2.3). For all further analysis, the iodide concentrations reported are the

mid-point values, rather than the starting values, to best represent the average

conditions of the experiments.

The second order rate constant for ozone with iodide was measured for iodide

concentrations between 102 nM and 9.88 nM, and water temperatures between

288 and 303 K (Fig. 26). Results were compiled to an Arrhenius plot (Fig. 27),

leading to a calculated pre-exponential factor A = 5.4 ± 23.0 × 1011 M−1 s−1 and

activation energy, Ea of 7.0 ± 10.5 kJ mol−1. The Pearson correlation coefficient

of the Arrhenius plot indicated that the trend was not statistically significant (p =

0.53), therefore the null hypothesis cannot be rejected, i.e. we cannot conclude

that the reaction between ozone and iodide is dependent on temperature.

The blank measurement was subtracted from the iodide-containing measurement

(Eq. 39), to account for ozone loss to the phosphate buffer, as well as to the glass

walls and fittings. It should be noted that if ozone loss during the blank measure-

ment were to be occurring due to reactions outside the iodide-containing reacto-

diffusive length, this could cause our measurements to be an under-estimation of

the true reaction rate.

Several studies have measured the second order rate constant at around room

temperature, as compiled in Table 6. The rate constants obtained from these

studies are plotted as a function of temperature in Fig. 28. Based on experimen-

tal conditions, and relevance to marine environments, the studies which are most

comparable to ours are those which employ iodide concentrations below 10−4 M

(Moreno et al., 2018); these are Garland et al. (1980); Liu et al. (2001); Shaw and

Carpenter (2013). The study by Liu et al. (2001) was carried out with iodide con-

centrations approaching the upper limit of where aqueous reactivity dominates,

but ozone was applied in solution, removing the possibility of surface reactivity.

The results of Garland et al. (1980); Liu et al. (2001); Shaw and Carpenter (2013)

report a comparable, but slightly lower kI−−O3 than this work. A possibility for

this could be the lack of replenishment of iodide in their studies. Iodide depletion
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Figure 26: Inverse of raq calculated for various iodide concentrations (102 nM
- 9.88 µM), at temperatures between 288 and 303 K. Measurements were per-
formed in triplicate and error bars were propagated from the rdi f f error, the stan-
dard error in linear fit from experimental output, and the errors in measurements
of liquid volume and flow tube dimensions.

could occur within the timeframe of their experiments, which would have resulted

in a rate of ozone loss lower than anticipated for their expected iodide concentra-

tion. Iodide was not explicitly measured in those studies so any depletion would

not be known. For all other reported rate constants, the conditions employed

could promote surface reactivity, therefore the measurements are not compara-

ble to the results reported in this work. Additionally, droplet studies (Magi et al.,

1997; Hu et al., 1995; Rouvière et al., 2010) have limitations in terms of environ-

mental applicability, for example the diameter of a droplet could be less than the

reacto-diffusive length of ozone, and there could be concentration effects of ions

on the surface of the droplets (Thomas et al., 2015). For accurate determination

of ozone-iodide kinetics with relevance to seawater reactions, experiments with a

bulk liquid (Garland et al., 1980; Shaw and Carpenter, 2013) are more appropri-

ate.

There are a range of ionic strengths used in previous literature. High ionic strengths

can alter kinetics due to each ion being surrounded by an extended solvation

shell, which can screen electrostatic interactions between oppositely charged

81



Chapter 3 Negligible Temperature Dependence of the Ozone-Iodide Reaction
and Implications for Oceanic Emissions of Iodine

R2 = 0.082 , p = 0.53

21.0

21.5

22.0

22.5

0.00330 0.00335 0.00340 0.00345

1/T (K−1)

ln
(k

)

Figure 27: Arrhenius plot for reaction between ozone and iodide, the linear corre-
lation has a p = 0.53 and R2 = 0.082. Error bars represent the standard error of
the linear fit of 1/raq vs [I−] for each temperature.
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species, and increase the reaction rate between equally charged species. For

example, in one study, high ionic strengths were found to increase the rate of the

of the forward reaction I·+ I− ⇌ I·−2 (Liu et al., 2003). In the same study, the re-

verse reaction was not strongly influenced by the ionic strength, because it was

already at the diffusion-controlled limit. In a study by Schneider et al. (2022), it

was determined that ozone loss to KI solutions was not altered by varying pH

(between pH 5 and 8, which encompasses all previous literature reports), nor by

ionic strength. Experiments were performed in phosphate buffer (0.1 M) with and

without NaCl (0.55 M). The increase in ionic strength with NaCl introduced also

did not alter ozone loss, therefore it appears the influence of pH and ionic strength

cannot explain the discrepancies between literature results.

As demonstrated in the study by Schneider et al. (2022), the high chloride content

of seawater appeared not to influence the reaction between ozone and iodide,

when it occurs in the liquid bulk, as for seawater. Chloride has however been

demonstrated to act as a catalyst for surface-based reactions between halogens

and ozone (Moreno and Baeza-Romero, 2019). Supporting the results of Schnei-

der et al. (2022), in real world samples, discussed in detail in Chapter 4, varying

salinities were encountered (between 33 and 37 psu, outlined in 68), and no sig-

nificant trend was observed between ozone uptake and salinity, indicating that the

presence of chloride has minimal impact on ozone uptake.

Phosphate buffer is commonly used to control pH in ozone-iodide experiments (in

this work, as well as Schneider et al. (2022); Liu et al. (2001); Shaw and Carpen-

ter (2013)). It is however possible that the phosphate buffer reacted with ozone

to form hydrogen peroxide (Ferre-Aracil et al., 2015). To investigate whether this

potential reactivity altered ozone uptake, experiments should be carried out with

different buffer systems, e.g. carbonate, to check whether this alters results. To

test for significant reactivity of ozone with the phosphate, the pH could be checked

before and after the conditioning step, as well as in the inlet and outlet of the flow

reactor, with a change in pH indicating some additional reactivity.

No buffer was used by Magi et al. (1997); Garland et al. (1980); Hu et al. (1995);
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Rouvière et al. (2010). The rate constants reported in these studies were in some

instances higher (in the study by Hu et al. (1995)), and in some instances lower

(in the studies by Magi et al. (1997); Garland et al. (1980); Rouvière et al. (2010))

than the reaction rates presented in this chapter, therefore no clear relationship

between absence/presence of buffer and reaction kinetics can be obtained. A

future laboratory study could confirm whether buffer effects were influential in the

reaction between ozone and iodide.
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Table 6: Results and conditions of previous kinetic studies on the reaction between ozone and iodide. “-“ denotes condition not reported.

kI−−O3 Conditions Method Reference
(×109 M−1 s−1) T (K) pH [I−] O3

2 298 5.4 0.67 - 6.7 µM 100 ppb Stopped flow (Garland et al., 1980)
4 277 - 0.5 - 3 M 7 - 478 ppm* Droplet train (Hu et al., 1995)

0.32 - 2.4 275 - 293 - 0.5 - 3 M - Droplet train (Magi et al., 1997)
1.2 ± 0.1 298 6.7 33.4 - 557 µM 27.4 - 40.7 µM (aq) Pulse accelerated flow (Liu et al., 2001)
1.0 ± 0.3 293 - 7.3 M 70 - 300 ppb Aerosol flow tube (Rouvière et al., 2010)
1.4 ± 0.2 293 8 10 µM 70 ppb Heterogeneous flow reactor (Shaw and Carpenter, 2013)
2.9 – 3.4 288 - 303 8.0 0.1 - 9.88 µM 40 ppb Heterogeneous flow reactor This work

*5 × 1012 – 1 × 1014 cm−3 ozone reported – converted to ppm (6 – 20 Torr, 277 K)
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Figure 28: Compilation of literature reported second order rate constants be-
tween ozone and iodide as a function of temperature. For Hu et al. (1995), errors
were not reported - error bars shown are a lower limit estimate based on state-
ments made in the text. Filled circles indicate experiments performed with en-
vironmentally relevant conditions. Empty circles indicate experiments which are
not environmentally applicable.

There are reasonably high uncertainties in the measurements reported in this

work. Typically the largest uncertainties arose in calculation of mcorrected, as for

the low iodide concentrations used, the gradient of the blank could be as high

as 45% (mean 21%) of the gradient of the iodide-containing sample. To ensure

environmental applicability, low ozone and iodide concentrations were required

for this work, which naturally had higher uncertainty than measurements with

higher chemical concentrations. While it was attempted to reduce the blank mea-

surement as much as possible with thorough conditioning and using HPLC-grade

water, future work would benefit from finding ways to reduce the blank measure-

ment, i.e. by having less surface area for background ozone deposition.

High uncertainties in calculation of ozone uptake to iodide solutions are not unique

to this work. While the errors in the rate constants at each applied temperature in

this study compare well to other experiments (as seen in Fig. 28), the errors in the

Arrhenius parameters are large - this is due to the trend with temperature having
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significant deviations from the line of best fit. It was therefore investigated whether

different fitting methods provided different results. In the work presented here,

standard linear regression was used, and errors in the fits propagated through

calculations. A York regression (York et al., 2004) was tested, which calculates

the linear fit with consideration of the exact errors in the x and y values. This

was applied to the regressions displayed in Figures 24, 26 and 27, where error

in the x-variables were quantified. When the York regression was applied in the

analysis, the Arrhenius parameters obtained had a similar magnitudes, but higher

uncertainties (A = 7.2 ± 45 × 1011 M−1 s−1 and activation energy, Ea of 2.5 ± 19.1

kJ mol−1) therefore it was decided to use a standard linear regression in analysis.

The best way to reduce these errors would be to perform more experiments at

each temperature, and to expand the temperature range studied. It was not

possible to perform more experiments at each temperature in this work due to

time constraints on the equipment, especially regarding it being required for field

work. This would constitute valuable future work. The temperature range studied

encompassed the sea surface temperatures encountered during the field work

performed in this project, however it would be useful to perform these measure-

ments at colder temperatures, especially as this would be useful for ozone uptake

analysis in polar and mid latitudes. Issues were encountered in this work at colder

temperatures as condensation on the glass walls of the flow reactor proved to be

unavoidable, which meant the liquid surface area was unknown. While colder

temperature measurements would be useful to reduce the error in the trend and

confirm the temperature dependence at low temperatures, the flow reactor setup

used in this work is not well suited.

The errors mean that the activation energy obtained in this work could be posi-

tive or negative, therefore future work to reduce the uncertainty in the Arrhenius

parameters would be useful. However, this work is still valuable for understand-

ing of ozone uptake to seawater as the previously published activation energy is

unphysically large at high temperatures, and has been unable to explain trends in

emissions (MacDonald et al., 2014). The work presented here demonstrates that
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the strong positive activation energy previously obtained could not be reproduced

in the current work, and is likely, even within errors, much less strongly positive

than previously thought.

Theoretical studies of this reaction have previously been performed. One study

simulating the aqueous phase concluded a strong positive activation energy of

around 20 kcal mol−1, which corresponds to approx. 84 kJ mol −1, for the for-

mation of intermediate complex [OOOI]−, acting as the rate limiting step (Óscar

Gálvez et al., 2016). This was obtained from two solvation models; the polariz-

able continuum model (PCM, 21.35 kcal mol−1) and the COnductor-like Screen-

ing MOdel (COSMO, 20.74 kcal mol−1). A subsequent gas-phase simulation con-

cluded a weaker, but still positive activation energy of 7.5 kcal mol−1, or approx.

32 kJ mol−1, for the same adduct formation (Teiwes et al., 2018). These values

are in contradiction with the results of this experimental study, and if the energetic

barrier to this reaction is indeed adduct formation, our results indicate this barrier

is overestimated by computational studies. Therefore, we propose further work is

required to reconcile mechanistic theory with observation.

3.5.2 Application to Previous Laboratory Measurements of Iodine Emis-

sions

A previous laboratory study of inorganic iodine (HOI and I2) emissions from ozonised

iodide solutions (0.1 – 5 µM iodide, 222 – 3600 ppb ozone, temperature 276 –

298 K) yielded effective activation energies of 17 ± 50 kJ mol−1 for HOI emission

and -7 ± 18 kJ mol−1 for I2 emissions (MacDonald et al., 2014). The emissions

of HOI and I2 depend on several chemical reactions, each with individual depen-

dencies on temperature, and several physical factors including the solubility and

diffusivity of ozone. Thus, the temperature dependence can be negative or posi-

tive depending on the combination of these factors. The MacDonald et al. (2014)

study was carried out in conditions favouring bulk phase reactions between ozone

and iodide, making their results experimentally comparable to our work.

When MacDonald et al. (2014) modelled the emissions of HOI and I2 they demon-
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strated that their results could only be accurately replicated when assuming Ea ∼0

kJ mol−1 for the ozone-iodide reaction, and not when using the Magi et al. (1997)

temperature dependence. The model employed by MacDonald et al. (2014), was

the sea surface microlayer (SML) model described by Carpenter et al. (2013) ex-

cept with the inclusion of temperature-dependent processes. The model with tem-

perature dependence did not account for iodine depletion following its fast reac-

tion with ozone and did not account for iodide replenishment from the waters be-

low (Schneider et al., 2020). To evaluate whether the rate coefficient obtained in

our experimental work is consistent with the measured temperature-dependence

of fluxes of gaseous iodine compounds from iodide solution under ozone, we ap-

plied our data to an updated SML model (Pound et al., 2023). The updated SML

model (details in Appendix 6.2.4) includes the mixing of iodide between the SML

and underlying water and simulates surface iodide depletion, especially at low

wind speeds/reduced turbulence. The depth of the SML in this model is defined

as the reacto-diffusive length of ozone, which is unique to each combination of

conditions.

The SML model was constrained to the range of conditions reported by MacDon-

ald et al. (2014). The effective activation energy was calculated (Ea = −gradient×

R) from an Arrhenius type plot of the natural log of the calculated emissions of HOI

and I2 (in units of molecules cm−2 s−1) against the inverse of the temperature (in

K). It was not possible to accurately calculate an equivalent wind speed for the

MacDonald laboratory experiments, therefore two low wind speeds (0.005 and

0.03 m s−1) were assumed. When assessing the impact of different wind speeds,

we applied conditions of 1500 ppb ozone and 2.5 µM iodide.

The HOI and I2 emissions obtained from the updated SML model are displayed

as an effective Arrhenius plot in Fig. 29. The modelled emissions indicate there

is a dependence of the effective activation energy on the “wind speed” of the ex-

periments for I2 emissions. At the higher wind speed, the model overestimates

the activation energy, outside the error range of the experimental measurements.

The lower wind speed predicts an Ea within the experimental error range. For HOI
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emissions, a slightly negative Ea is predicted by the model, which lies within the

experimental error range quoted by MacDonald et al. (2014), and does not show

a dependence on wind speed.
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Figure 29: Effective activation energies for emissions of HOI and I2 from ozone
oxidation (1500 ppb) of iodide solution (2.5 µM) as a function of wind speed.
Points show modelled emissions using the SML model (Pound et al., 2023)) while
red and blue horizontal lines show experimental and modelled emissions respec-
tively, from MacDonald et al. (2014). Errors are shown by shaded areas, and
reflect standard error in the linear fit from modelled output.

Knowing that there is negligible temperature dependence on the reaction between

iodine and ozone, the relative changes in each step of the production and emis-

sion of HOI and I2 in the Pound et al. (2023) SML model were interrogated to

explain the predicted activation energies. Iodide in the surface layer is depleted

if the replenishment from the bulk solution occurs at a slower rate than the re-

action of iodide with ozone. Iodide depletion was modelled over the range of

ozone, iodide and temperature reported by MacDonald et al. (2014), and deple-

tion was predicted to increase with increasing ozone concentration, wind speed
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and with decreasing iodide concentration, and slightly decrease with temperature

(Fig. 30). The SML model shows that iodide depletion increases with increasing

ozone concentration and with decreasing iodide concentrations due to chemical

consumption of the available iodide. A greater depletion is seen at the higher

wind speed because of the increase in ozone deposition as aerodynamic resis-

tance (ra) is reduced with higher airside turbulence (vd ≈ 0.0013 cm s−1at 0.03

m s−1 and vd ≈ 0.0003 cm s−1 at 0.005 m s−1). Waterside transfer velocity,

kw, which replenishes iodide from the bulk to the SML is still low at these wind

speeds and does not offset the increase in ozone-iodide reactivity, therefore io-

dide is seen to be more depleted at 0.03 m s−1 compared to 0.005 m s−1. This

is the opposite to what we expect in the environment, where greater wind speeds

would be associated with a greater degree of mixing from the bulk, and less iodide

depletion. This is discussed in detail in Pound et al. (2023). The trend with wind

speed we describe in the current work is specific to low ”wind speed” laboratory

conditions. This should therefore be considered in future experimental design, if

environmentally-applicable emission data is sought.

The SML model predicted iodide depletion to slightly decrease with temperature,

i.e. we predict a higher iodide concentration in the SML at higher temperature,

given equal wind speed and ozone concentration. This is due to the small pos-

itive temperature dependence in the ozone-iodide reaction being offset by the

increase in kw with temperature, which increases mixing of iodide from the bulk

to the SML. The effect of temperature is more pronounced at higher wind speed

because, though small, kw is higher at greater wind speed, therefore has greater

impact at 0.03 m s−1 compared to 0.005 m s−1. This impact is minor compared to

the effects of ozone, iodide and wind speed. In light of this discussion, it should be

noted that there are very few observations of iodide concentrations at or proximal

to the surface layer (Stolle et al., 2020), and it is this iodide which is available for

reaction with ozone. Concentrations of iodide at or proximal to the surface may

frequently be different from the reported bulk concentration.

For both wind speeds investigated, ozone deposition velocity was effectively con-
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Figure 30: Modelled iodide depletion for ozone-oxidised iodide solution, under
conditions 0.1 – 5 µM [iodide], 222 – 3600 ppb ozone, T = 276 – 298 K. Iodide
enrichment factor (EF) = [iodide]SML/[iodide]bulk.

stant over the modelled temperature range (Fig. 31). This is because at low wind

speeds, the deposition of ozone is limited by air-side resistance, ra, which has no

temperature dependence. Therefore, factors which decrease raq, e.g. changes

in ozone solubility, aqueous diffusivity of ozone and reaction rate between ozone

and iodide with temperature do not influence deposition significantly. Hence, the

availability of ozone in solution was constant over the prescribed temperature

range. Temperature trends in HOI emissions are therefore controlled by drivers in

mixing to the bulk, or drivers in R21, which could include airside transfer velocity,

ka, and solubility of HOI, expressed as the dimensionless Henry’s law coefficient,

HHOI, calculated using equations in Johnson (2010) and using physical constants

from Thompson and Zafiriou (1983). The relative changes in selected chemical

and physical drivers across the temperature range is displayed in Fig. 31. Flux to

the air, Fa, is controlled by Eq. 43, where CSML and Ca are concentrations of the

species in question in the SML and in the air, respectively. In this model, Ca is

assumed to be zero. Across this temperature range, we expect a small decrease

in the product of HHOI × ka(HOI), resulting in lower flux of HOI to the atmosphere

as T increases, hence the slight negative Ea for HOI emissions.
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Figure 31: Relative change in selected variables with respect to the lowest mod-
elled temperature. Variables selected are those with the greatest impact on emis-
sions of HOI. Model conditions: ozone mixing ratio = 1500 ppb, [iodide] = 2.5 µM.
ka, kw and H calculated for HOI. Dashed lines correspond to ws = 0.03 m s−1 and
the solid lines refer to ws = 0.005 m s−1. Where the dashed line is not visible, this
is because it is identical to the solid line.

Due to its high solubility, the majority of HOI produced in the SML is mixed into the

bulk liquid phase, Fb, Eq.44, rather than being emitted. Here, kw is the waterside

transfer velocity, and Cb is the bulk concentration, set to zero in this model. Chem-

ical production of HOI is the only source of HOI in the SML, and the second order

rate constant of chemical formation of HOI, kI−−O3, increases with temperature.

At 0.03 m s−1 wind speed, this is augmented by the reduced iodide depletion with

higher temperature, leading to more HOI production. At 0.005 m s−1 wind speed,

this effect is reduced by the effectively unchanging iodide depletion across the

temperature range. In both instances, increased HOI production with T counter-

acts some of the increased loss to the bulk, more so at 0.03 m s−1 wind speed.

This results in a slightly higher [HOI] in the SML at the higher temperature range

which increases the Ea slightly at the higher wind speed (from -4.65 kJ mol−1 at

0.005 m s−1 compared to -4.08 kJ mol−1 at 0.03 m s−1).

Fa = ka(H ×CSML −Ca) (43)

Fb = kw(Cb −CSML) (44)
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For I2, emissions are largely controlled by its low solubility. Temperature impacts

on chemical and physical drivers are displayed in Fig. 32. We calculate a strong

increase in ka(I2)×HI2, leading to a higher Fa at greater temperatures, and a pos-

itive Ea at both wind speeds. While the rate constant of mixing to the bulk, kb,

also increases with temperature, its effect is counteracted by increased chemical

production of I2 with increased temperature, driven by increased kI−−O3 and de-

creased iodide depletion. This results in a more positive Ea at the higher wind

speed.

Figure 32: Relative change in each variable with respect to the lowest modelled
temperature. Variables selected are those with the greatest impact on emissions
of I2. Model conditions: ozone mixing ratio = 1500 ppb, [iodide] = 2.5 µM. ka, kw
and H calculated for I2. Dashed lines correspond to ws = 0.03 m s−1 and the
solid lines refer to ws = 0.005 m s−1. Where the dashed line is not visible, this is
because it is identical to the solid line.

The effects of varying iodide concentrations on HOI and I2emissions was also in-

vestigated, at a wind speed of 0.005 m s−1, due to the model’s better comparabil-

ity to experimental results at this wind speed. The calculated activation energies

are displayed in Fig. 33. For the range of iodide concentrations used in MacDon-

ald et al., (2014), we calculate that the Ea of HOI emissions has no dependence

on iodide, and remains slightly negative for all modelled conditions (driven by in-

creased mixing to the bulk at higher temperature, as above). For I2 emissions, the

modelled Ea was more strongly positive at the lowest iodide concentration, due to
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greater iodide depletion in the SML. The iodide limitation is counteracted at higher

temperatures by increased mixing from the bulk. In Fig. 34, it can be observed

that for 100 nM iodide, the iodide enrichment factor increases with temperature,

which is not observed for the other iodide concentrations. This results in a more

strongly positive Ea at the lowest modelled iodide concentration of 100 nM, which

is comparable to conditions found in the environment. We therefore believe that

the activation energy of I2 emissions reported in MacDonald et al., (2014) may

underestimate the temperature dependence of oceanic I2 emissions.

The model was also used to test for ozone sensitivity, however across the range

studied here, ozone mixing ratio was not determined to influence activation en-

ergy for HOI or I2 emissions.
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Figure 33: Effective activation energies for emissions of HOI and I2 from ozone
oxidation (1500 ppb, wind speed 0.005 m s−1) of iodide solution, as a function
of bulk iodide concentration. Points show modelled emissions using the SML
model (Pound et al., 2023), while red and blue horizontal lines show experimental
and previously modelled emissions respectively, from MacDonald et al. (2014).
Errors are shown by shaded areas, and reflect standard error in the linear fit from
modelled output.
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Figure 34: Relative change in selected variables with respect to the lowest mod-
elled temperature for each modelled bulk iodide concentration. Variables selected
with significance for emission of I2. Model conditions: ozone mixing ratio = 1500
ppb, wind speed = 0.005 m s−1. ka, kw and H calculated for I2.
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3.6 Chapter Conclusion

A thorough understanding of the kinetics of the reaction between ozone and

iodide in oceanic systems is important for predicting and understanding tropo-

spheric ozone concentrations in remote ocean regions. The second order rate

constant of the reaction between ozone and iodide and its temperature depen-

dence were measured in this work using a variable flow methodology, under con-

ditions which emulate the bulk kinetics expected in the surface ocean. A negli-

gible, non-statistically significant temperature dependence was obtained, contra-

dicting a previous study. We therefore conclude that the temperature dependence

of this reaction in the ocean has previously been over-estimated.

Though a lack of temperature dependence has previously been implied by com-

parison between studies, and by back-calculating from emissions, this is the first

study, to our knowledge, to show this by direct measurement. The temperature

dependence obtained was used to replicate and explore results produced from

a previous laboratory study of HOI and I2 emissions from an iodide solution ex-

posed to ozone. This result has implications for oceanic ozone deposition, and

emissions of gaseous iodine species to the troposphere (Carpenter et al., 2013).

Despite being outside of the temperature range studied here, this work has poten-

tial further implications for halogen emissions to the stratosphere (Koenig et al.,

2020). In related work, we have incorporated these kinetics into a global transport

model (GEOS-Chem), to improve our understanding of ozone in the troposphere.

This work also demonstrates that the laboratory-measured temperature depen-

dence of I2 and HOI emissions, which are a result of complex interactions be-

tween physical and chemical parameters, are highly dependent on experimental

conditions (including both iodide concentration and wind speed), therefore can-

not easily be translated into ambient emissions. It is noteworthy that the “wind

speeds” applied in our and other authors’ experiments are not comparable to

those found in the environment. In particular, the very low or negligible water

turbulence accessible in laboratory experiments is far lower than those typically

found in the ocean. The result of this is that while we simulate increasing iodide
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depletion in the surface layer with “wind speed” at very low wind speeds, this is

not typically expected in the environment where we predict that iodide depletion

decreases with increasing wind speed (Pound et al., 2023). The latter is a result of

greater wind-induced turbulence increasing the rate of iodide replenishment from

the bulk to the surface layer. We also find that such iodide depletion in the SML, as

expected under ambient conditions, can impact the temperature dependence of I2

emissions. Therefore caution should be applied in extrapolating laboratory results

to the environment, and the various factors which impact iodine-containing emis-

sions from seawater should be considered in experimental design when planning

future laboratory work. Despite this, the good comparability between the mod-

elled results and experimental measurements found in this study validates both

the kinetic results and the model recently developed by Pound et al. (2023).
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4 Ozone Uptake to Seawater and its Chemical Drivers

4.1 Abstract

Currently in global ozone models, dry deposition to the ocean is either not pa-

rameterised, or parameterised based on iodide concentrations alone, however

previous studies have determined that ozone uptake to seawater is driven by a

combination of reactions between iodide and organic matter. These studies were

performed on limited samples, either collected from coastal UK locations, or made

artificially from riverine organic matter.

In this work, it was sought to assess the biogeochemistry and ozone uptake

of SML and underlying water (ULW) samples from a range of oceanographic

sources. The aim was to assess the contributions of bulk phase iodide reac-

tions to ozone uptake, and hence quantify the contribution of missing reactivity

sources, specifically surface-mediated reactions with DOC components. This was

achieved by measuring ozone uptake over authentic seawater samples, including

underlying water and SML, using a heterogeneous flow reactor. In addition to

ozone uptake, a suite of complementary measurements were obtained, including

iodine speciation, DOC and fatty acid concentrations, and surface tension, pro-

viding a powerful array of measurements to determine the driving forces of ozone

uptake to seawater.

Key findings Ozone uptake for the CONNECT cruise ranged from 2.97 to 6.32

×10−6, while for the PML campaign ranged 0.87 to 4.00 ×10−6. Bulk-phase io-

dide kinetics accounted for 25.0 to 66.3 % of ozone uptake during the CON-

NECT campaign, and 36.0 to 148.2 % of ozone uptake to PML samples. Due

to suspected sample alterations by filtering and freezing the PML samples, the

CONNECT samples were analysed for surface reactivity. It was determined that

unsaturated fatty acids were a potential driver of surface-based reactions, and it

was attempted to model ozone uptake with reactions of ozone with iodide and

unsaturated fatty acids only. The uncertainties which remain regarding surface-

mediated reactions were discussed.
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An improved quantification of the impact of iodide on ozone uptake to real-world

samples will allow improved modelling of ozone deposition to the ocean, impact-

ing expected emissions of iodine-containing compounds. This work also demon-

strated the potential importance of unsaturated fatty acids for ozone uptake, but

highlighted further research required for accurate estimation of their contribution

to ocean uptake to the sea surface.

4.2 Introduction

4.2.1 Background and Motivation

As early as 1980, ozone deposition to seawater was determined to be driven

partly by iodide, but with a missing contribution, from an unidentified source.

By measurement of ozone uptake to seawater using a box-decay technique, the

aqueous reactivity (λ = k× c, where k is the second order rate constant of ozone

with the species in question, and c is the species’ concentration) of the seawater

was measured as approximately 1000 s−1. Applying a measured kI−O3 of 2 ×109

M−1 s −1 and assuming an iodide concentration of 100 nM, Garland et al. (1980)

approximated an iodide-driven reactivity of 200 s−1, leading to the conclusion

that 20 % of ozone depositing to the sea surface reacted with iodide. Organic

surfactants were proposed as a probable additional driver of ozone deposition

enhancement.

Later, experiments were performed to investigate the relative effects of iodide

and organic matter, the contribution of iodide and Suwannee River natural or-

ganic matter were determined experimentally to be approximately equal when

measured separately, however when ozone uptake was measured over a mixed

solution, the deposition velocity was approximately 80 % of their combined val-

ues, demonstrating further uncertainty in the mechanisn of ozone deposition to

seawater (Martino et al., 2012).

Finally, a study analysed ozone deposition measurements performed over coastal

seawater, and inferred a reactivity for coastal marine DOC that was 2-5 times

higher than that which could be attributed to iodide (Shaw and Carpenter, 2013).
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In the work by Shaw and Carpenter (2013), ozone uptake experiments performed

over DOC collected by solid phase extraction of dissolved organic matter (SPE-

DOM) calculated a DOC ozone reactivity of λ = 1820± 560 s−1. Because a re-

activity due to marine DOM of only 100 - 500 s−1 was inferred by ozone depo-

sition measurements over coastal seawater, the large reactivity of the extracted

DOM was attributed to over-extraction of the more reactive compounds during

SPE-DOM. Nevertheless, this study clearly demonstrated that ozone uptake to

seawater was augmented by organic matter.

All of these studies considered the reaction with organic material as an aqueous-

phase process, however it is now known that organic material reacts with ozone

via a different mechanism; a surface-mediated Langmuir-Hinshelwood process.

Furthermore, limited knowledge of the chemical makeup of seawater samples

hindered identification of organic drivers to ozone deposition. Additionally, these

studies were performed with a liquid phase which was not replenished, there-

fore chemical depletion of seawater constituents could have altered the results.

The aims of this study were therefore to perform ozone uptake measurements

to a large range of authentic seawater samples, with a suite of complementary

biogeochemical measurements to aid analysis. An updated model for analysis of

simultaneous aqueous-phase and surface-phase reactions was used to deconvo-

lute the process of deposition. With improved knowledge of the rate of reaction of

ozone with iodide, the contribution of iodide to ozone uptake was assessed, and

from this baseline, the ”missing” reactivity quantified. The surface-phase contri-

bution to ozone uptake was investigated, and the possible components of DOC

responsible for enhanced ozone uptake identified.

4.2.2 Iodide at the Sea Surface

As discussed in Chapter 3, the reaction between ozone and iodide in seawater

occurs rapidly in the liquid phase. For ozone uptake to the ocean, this is relevant

due to the ubiquitous presence of iodide in surface seawater.

Iodine species are present in the ocean at a constant level of around 450 - 500
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nM, however the speciation between ozone reactive iodide and ozone refractory

iodate varies significantly. Concentrations of iodide in the iodine pool are typi-

cally in the range of approximately 50 - 250 nM, but can vary from essentially

zero (below LOD), and have been measured as high as 450 nM. A summary of

some available measurements is available in Table 7. Global surface iodide con-

centrations were modelled by Sherwen et al. (2019) and displayed in Fig. 35,

demonstrating that iodide is predicted to be present globally, with concentrations

greater in warmer water.

Table 7: Approximate ranges and locations of some near-surface iodide measure-
ments.

iodide (nM) Location Reference

10 - 150 Sea of Japan Tsunogai and Henmi (1971)
200 - 400 Hawaii Campos et al. (1996)
100 - 120 Bermuda Campos et al. (1996)

20 - 100 Weddell Sea to 25 ◦S Campos et al. (1999)
20 - 250 Indian and Southern oceans Chance et al. (2020)

Figure 35: Annual average predicted surface iodide concentrations. Image repro-
duced from Sherwen et al. (2019).

Almost every reported value for iodide concentration in the sea surface has been

collected from the underlying water. It is however important to consider whether

this is representative of iodide in the SML, as the SML is the site of mass ex-

change between the ocean and atmosphere. Past literature is conflicted regard-

ing whether the SML is enriched, depleted or equal in iodide to the underlying

water. Few previous studies have quantified iodide in the SML and underlying

water simultaneously, and those which have are limited to coastal regions of the
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North Sea.

During the MILAN (Sea Surface Microlayer at Night) campaign, iodide in the SML

and ULW were measured in the Wadden Sea (In the North Sea, off the coast of

North-East Germany) across different times of day (Stolle et al., 2020). Iodide

was potentially enriched in the SML, however this trend was not certain (SML

depth was not given, while underlying water was collected from a CTD (conduc-

tivity, temperature and density sampler) at 1.2 - 2 m). A further study collected

SML from a depth of 300 µm, and an ULW depth of 15 cm (Chapman and Liss,

1981). There is a large variation in enrichment factor reported from 21 samples,

across five sampling events in two locations (Yarmouth and the Solent), with a

maximum enrichment factor (EF) of 3.10 and a minimum EF of 0.13. The mini-

mum and maximum EF values were obtained from samples collected on the same

day and location. The mean EF and standard deviation were 1.13 ± 0.70, which

was not a statistically significant difference between the SML and the ULW.

Recently, laboratory and modelling studies have given evidence for iodide deple-

tion in the SML, across the reacto-diffusive depth of ozone (on the order of a few

µm). One study measured the effect of depleted iodide in the surface layer of

an artificial seawater solution in the form of reduced ozone uptake (Schneider

et al., 2020). A further study later demonstrated that under environmental condi-

tions, iodide could be expected to be depleted across the reacto-diffusive depth

of ozone (Pound et al., 2023). The mechanism for this depletion was that iodide

lost via fast reaction with ozone could not be fully replenished by mixing from the

bulk.

The broad range of conclusions obtained from measurements, lab studies and

theoretical studies warrants further investigation of iodide depletion and/or en-

richment in the SML, and further measurements are desirable. A depletion or

enrichment of iodide in the SML would significantly alter our understanding of

ozone deposition to the ocean.
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4.2.3 Reactions between Ozone and Organic Compounds

Organic matter is present in the ocean in various forms, from zooplankton to dis-

solved organic carbon (DOC). DOC constitutes the largest reservoir of organic

carbon in the ocean, at 2 ×1017 g, compared to phytoplankton (4 ×1015 g), zoo-

plankton (1 ×1014 g) and bacteria (1 ×1014 g) (Cauwet, 1977). DOC is mostly

produced in the ocean by photosynthetic plankton in the surface ocean, which

then sinks to greater depths, resulting in the highest DOC concentrations ob-

served at the ocean surface (Hansell et al., 2009).

The presence of DOC at the ocean surface leads to potential interaction with

atmospheric gases, including ozone. In the ocean, ozone reacts with organic

compounds on the water surface, following a Langmuir-Hinshelwood mechanism.

This has been demonstrated for several compounds, including chlorophyll (Clif-

ford et al., 2008), unsaturated fatty acids e.g. oleic and linoleic acid (Zhou et al.,

2014; McNeill et al., 2007; González-Labrada et al., 2007; King et al., 2009,

2020), and polycyclic aromatic hydrocarbons (PAHs), e.g. napthalene, anthracene

and pyrene (Mmereki and Donaldson, 2003; Mmereki et al., 2004; Donaldson

et al., 2005b; Raja and Valsaraj, 2005).

The Langmuir-Hinshelwood reaction pathway proceeds as follows. A site is an

available point on the liquid surface where an ozone molecule can adsorb, and an

adsorbed molecule of ozone is termed O3(sur f ). Adsorbed ozone can then react

with an interstitial DOC compound (DOC(int)), to form an ozone adduct. Ozone

has been determined by several authors to adsorb to liquid surfaces by a Lang-

muir isotherm, therefore the concentration of adsorbed ozone can be described

by Eq 12.

O3(gs)+ site ⇌ O3(surf) (R23)

O3(surf)+DOC(int) ⇌ DOC−OOO−
(int) (R24)

Within the DOC pool, reactivity towards ozone is highly variable. Aromatic com-

pounds can be highly reactive to ozone, dependant on the ring substituents. The

rate of reaction with ozone can vary by up to 10 orders of magnitude, for example

104



Chapter 4 Ozone Uptake to Seawater and its Chemical Drivers

a highly deactivated aromatic compound, e.g. nitrobenzene, has a second order

rate constant of 9 ×10−2 M−1 s−1, while the phenolate ion has a rate constant of

1.4 ×109 M−1 s−1 (von Sonntag and von Gunten, 2015). Aromatic compounds

typically found in seawater are polycyclic aromatic hydrocarbons (PAHs), which

are mostly introduced via anthropogenic pollution, and have a second order rate

constant with ozone on the order of 103 to 104 M−1 s−1, depending on their identity

(Trapido et al., 1995). Other compounds which are ozone-reactive include amines

and DMS (von Sonntag and von Gunten, 2015). The contribution of DMS to ozone

uptake was negligible, except for exceptionally high concentrations which may be

found in algal blooms (Chang et al., 2004).

On carbon chains, the site of ozone reaction is the carbon-carbon double bond,

therefore aliphatic compounds are ozone refractory (von Sonntag and von Gun-

ten, 2015). For unsaturated compounds, e.g. unsaturated fatty acids, ozone

reacts with the double bond via addition, forming an unstable primary ozonide

(Fig. 36). For unsaturated fatty acids, this breaks down to carbonyl containing

compounds, either aldehydes or carboxylic acids, and an unstable Criegee inter-

mediate (Criegee, 1975; Vesna et al., 2009). The Criegee intermediate can go

on to rearrange to the corresponding acid, or react further, e.g. with water, car-

bonyl groups, carboxylic acid groups or other Criegee intermediates. This is an

important class of ozone-reactive DOM due to the ubiquitous presence of fatty

acids, both saturated and unsaturated, in the surface ocean. Their presence in

the ocean is attributed to microbial production (Gašparović et al., 2007).

Fatty acids (FA) have a hydrophilic head and hydrophobic tail, therefore are surface-

active compounds. This, combined with the ozone reactivity of unsaturated fatty

acids (detailed in Section 4.7.3), makes them relevant to discussion of DOC-

mediated ozone uptake enhancement, however, SML measurements of fatty acids

are sparse. The available literature is outlined in Table 8, which demonstrates that

coastal areas tend to be higher in fatty acid concentration than the open ocean,

as well warmer waters (the Gulf of Mexico and North Mediterranean) promoting

higher concentrations than cold waters (the English Channel). In very cold wa-
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ters, e.g. the Norwegian Fjords, higher fatty acid concentrations were attributed

to high lipid content of phytoplankton (Gašparović et al., 2007).

Table 8: Previously reported mean concentration of fatty acids in SML samples.

Location Type Mean Conc. Reference
(µg L−1)

coastal

Norwegain Fjords Saturated 84.6 Gašparović et al. (2007)
Unsaturated 24.4 Gašparović et al. (2007)

Gulf of Mexico Saturated 112.5 Slowey et al. (1961)
Unsaturated 37.5 Slowey et al. (1961)

North Mediterranean Saturated 147.62 Daumas et al. (1976)
Unsaturated 132.53 Daumas et al. (1976)

English Channel Saturated 20 Weddell (2023)
Unsaturated 15.3 Weddell (2023)

open ocean

NE Tropical Atlantic Saturated 6.95 Marty et al. (1979)
Unsaturated 1.6 Marty et al. (1979)

Trans-Atlantic and Saturated 14.4 Weddell (2023)
Equatorial Pacific Unsaturated 0.8 Weddell (2023)
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Figure 36: Mechanism of ozonolysis of oleic acid.

107



Chapter 4 Ozone Uptake to Seawater and its Chemical Drivers

During the CONNECT and PML campaigns (described in Section 4.3.1) the avail-

able literature on SML fatty acid concentrations was extended (Weddell, 2023),

which demonstrated that open ocean water was indeed lower in concentration

than coastal water, particularly in terms of unsaturated fatty acids. The measure-

ments of fatty acids made during these campaigns coincided with a suite of other

measurements, including ozone uptake measurements, allowing their contribu-

tion to ozone uptake to be assessed.

A further impact of the presence of surface active compounds is alteration to the

surface tension of seawater. The ampiphilic nature of surfactants acts to reduce

the hydrogen bonds in the water surface, reducing the surface tension. The im-

pact of surfactants has been demonstrated to reduce air-sea exchange of gases

such as carbon dioxide and oxygen by reducing turbulence and diffusion at the

sea surface (Schmidt and Schneider, 2011; Salter et al., 2011). For a reactive

gas such as ozone, the relationship with surface tension is not well defined, as it

could be altered by the presence of ozone-reactive surfactants, e.g. unsaturated

fatty acids. This work allowed comparison of ozone uptake to surface tension

measurements.

4.2.4 Chapter Aims

The goal of this chapter was to perform ozone uptake measurements to a wide

range of seawater samples, to include open ocean samples, which have been

under-represented in previous ozone uptake studies. Powerful datasets are avail-

able to complement these measurements, including a wide range of physical and

biogeochemical factors, which were utilised to investigate combined driving forces

of ozone uptake to the ocean.

108



Chapter 4 Ozone Uptake to Seawater and its Chemical Drivers

4.3 Methods

4.3.1 Seawater Sample Collection

Relative locations of all seawater samples discussed in this chapter are displayed

in Figure 37.

Figure 37: Sampling locations for all seawater measurements described in this
chapter. PML is displayed in yellow, the CONNECT cruise track in red and
Bermuda is displayed in purple.

4.3.1.1 Sampling times and locations

PML The Plymouth Marine Laboratory is a marine research organisation, situated

on the South-East coast of England, and who have collaborated extensively with

us on work into ozone uptake to seawater. During this joint campaign, samples

were collected weekly off the coast of Plymouth, between 11th November 2019

and 13th September 2021. The sampling location was approximately 0.5 km

offshore of Rame Head, Cornwall, in the English Channel. Several locations

were sampled from (Fig. 38), including the long-term measurement site, L4, of

the Western Channel Observatory (WCO) (Mcevoy et al., 2023).

CONNECT (Pan-Atlantic Connectivity of Marine Biogeochemical Processes / Im-

pact of Anthropogenic Pressures) was a research cruise from Gran Canaria to
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Figure 38: Sampling locations for PML campaign.

Guayaquil, Ecuador, from the 11th December 2021 to 11th January 2022. This

cruise sampled locations across the Atlantic Ocean, through the Caribbean Sea

and into the Equatorial Pacific. The stations along the cruise track are shown in

Figure 39.

BLEACH (Bermuda Boundary Layer Experiment on the Atmospheric Chemistry

of Halogens) samples were collected in two locations (fig. 40). During the sum-

mer campaign, in June and July 2022, samples were collected off the coast of

Tudor Hill, on the south-west tip of Bermuda. During the winter campaign, in Jan-

uary and February 2023, samples were collected on or near the Bermuda Atlantic

Time Series (BATS) site (Karl et al., 2001).
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Figure 39: Station locations for the CONNECT cruise.

Figure 40: a) Map of Bermuda showing the Tudor Hill sampling site, highlighted
by the red marker. b) map of near-Bermuda Atlantic ocean, highlighting the BATS
sampling site in yellow. Maps produced by snazzymaps.com, images courtesy of
Google Maps.

4.3.2 Sampling methods

SML Collection SML was collected using an aluminium mesh Garrett screen

(details in Table 9, and Fig. 41a). Garrett screens feature a metal mesh enclosed

in a frame, and use the surface tension of the water to retain the uppermost layer

within its mesh (Cunliffe and Wurl, 2014). To collect SML, the screen was lowered

below the surface of the water and slowly drawn up parallel to the water surface.

The SML, held within the mesh, was collected by tilting the screen vertically, al-

lowing the sample to drip through a funnel into a bottle. Bottles were conditioned

with SML by vigorously shaking, and discarding the first collected dip. Details on
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the collected SML are available in Table 10.

The choice of Garrett screen in this work was necessitated by a trade-off between

sample thickness and sample volume; to perform the required suite of measure-

ments on each sample, up to 12 L of SML were collected in each sampling trip.

This would not have been practical with a sampling method with a thinner SML

sample, e.g. a glass plate.

Table 9: Garrett screen details

PML CONNECT and BLEACH

screen length (cm) 78.3 102
screen width (cm) 52.5 74
screen area (cm2) 4111 7548
wire outer diameter (mm) 0.35 0.35
mesh count (wires per inch) 16 20
void space (%) 60.8 52

Figure 41: Picture of a) the Garrett screen used for SML sampling and b) the CTD
rosette being lowered into the water aboard the RV Atlantic Explorer.

The screen was rinsed with milli-Q water prior to use, and dipped into the sea-

water at least three times, without sample collection, to condition the mesh. Ad-

ditional cleaning with methanol, subsequent to milli-Q cleaning, was carried out

during the BLEACH campaign.

On the PML campaign, SML was collected by the crew at PML, from the bow of

the research vessel (RV) Plymouth Quest. On the CONNECT cruise, SML was

collected from the side of a small rubber inflatable zodiac boat, approximately 100
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m further upwind of the RV Sonne, when weather conditions allowed. Otherwise,

SML was collected using a crane from the aft-deck of the RV Sonne, approxi-

mately 1 m from the wall of the ship, and lowered approximately 6 m to the sea

surface. On the summer BLEACH campaign, SML was collected from the side

of a Twin Vee boat, and in the winter campaign, collected using a winch from the

side of the RV Atlantic explorer, where the deck was approximately 0.5 m from

the water surface. On many occasions on both CONNECT and BLEACH, weather

conditions did not allow SML sampling by any method.

To calculate the thickness of the collected SML, the volume of liquid collected per

dip is considered along with the geometry of the screen (given in Table 9). The

sampling area is calculated from the area of the screen, minus the area occupied

by mesh wires. The void space (quoted from the supplier) is the proportion of

the area which is empty, therefore is used to calculate sampling area according

to Eq. 45. The volume of sample collected is then used to calculate the depth

of the theoretical cuboid, using the sampling area, according to Eq. 46. The

average volume per dip and resulting SML thickness during each campaign are

outlined in Table 10. SML details for CONNECT and BLEACH samples are given

for the average volume collected during sampling from the zodiac or Twin Vee,

and not crane collections. This is assumed to be the best representation of the

true sample volume and thickness, due to windy conditions on crane sampling

days causing some sample loss during transfer from the ocean surface to the

deck. Inclusion of this data would cause us to conclude an artificially thinner SML

(580 µm for BLEACH and 471 µm for CONNECT, when both crane and small

boat samples are included in the average).

sampling area = screen area× (void space percentage/100) (45)

SML thickness = sample volume/sampling area (46)

ULW Collection Underlying water (ULW) was collected by various methods from

below the water surface. On the PML campaign, this was collected from an inlet

pipe on the hull of the RV Plymouth Quest, at approximately 3 m depth. The
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Table 10: SML sampling details

PML CONNECT BLEACH

Average volume per dip (ml) 163 233 300
SML thickness (µm) 653 593 764

SML details for CONNECT and BLEACH samples are given for average volume collected
during sampling from the zodiac or Twin Vee, and not crane collections.

water is pumped to a hose on deck for collection. On the CONNECT cruise,

seawater was collected from both a CTD rosette deployed from the RV Sonne, at

approximately 6 m depth, and from the ship’s continuous underway pump, also

at approximately 6 m depth. A CTD rosette is a rig which holds sampling bottles,

which can be automatically closed at set depths (Figure 41b). There are also

sensors, including those for conductivity, temperature and density, which give the

rig its name. On the summer BLEACH campaign, ULW was collected using a

handheld bilge pump from the bow of the Twin Vee boat, at approximately 0.5 -

1 m depth. On the winter BLEACH campaign, ULW was collected from a CTD

rosette, at approximately 6 m depth.

Cleaning and Storage Samples were collected into plastic bottles which were

acid washed between uses. The cleaning procedure involved rinsing with hot tap

water, rinsing with or soaking in dilute HCl, and rinsing 3 times with milli-Q water.

All samples were stored in insulated dark boxes for storage and transport to the

lab.
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4.3.3 Chemical Analyses

Iodine Speciation

Iodide was directly quantified using UV-vis spectrophotometry at 226 nm follow-

ing ion exchange chromatography (IC) (Jones et al., 2023) using an Agilent 1100

HPLC and 1260 series detector. The IC used a Dionex IonPac AS23 guard and

analytical column (4 x 50 mm and 4 x 250 mm, respectively), with a mobile phase

eluent of 0.4 M NaCl flowing at 0.64 ml min−1. The sample injection volume was

400 µ l, run time 16.1 minutes, and iodide was detected at 11.8 minutes.

Iodate analysis was preceeded by offline addition of NH2OH-HCl to a final con-

centration of 7 mM. This addition converted all iodate to iodide, which was sub-

sequently quantified as above to give a measurement of total inorganic iodine.

Subtraction of the previously quantified iodide fraction from the total inorganic io-

dine allowed quantification of iodate.

Dissolved organic iodine was quantified following analysis of total dissolved io-

dine. Total dissolved iodine was quantified following a three-step offline proce-

dure: Ca(ClO)2 was added to a final concentration of 189 µM, and left for approx-

imately one hour. Na2SO3 was then added to a final concentration of 380 µM, to

neutralise ClO−. Finally, NH2OH-HCl was added to convert all iodate to iodide,

quantified as above. Subtraction of total inorganic iodine from the total dissolved

iodine fraction yields the concentration of dissolved organic iodine.

All iodine speciation measurements were carried out by Dr Matthew Jones.

Dissolved Organic Carbon 9 ml of sample was transferred to an acid-washed

glass vial (12 ml), and acidified with 10% HCl to purge inorganic carbon. DOC

was quantified using an Elementar Vario TOC cube instrument. Samples were

quantified in reference to standards prepared using a commercial TOC standard

(50 mg L-1, 76319 - 250 ml - F, Supelco) which was diluted with milli-Q water.

All DOC measurements were carried out by Katherine Weddell.

Fatty Acids Fatty acids were quantified following solid phase extraction (SPE) of

seawater samples. The sample was filtered through an inline 0.7 µm GFF filter

and either frozen at -20 ◦C (BLEACH, PML) or directly processed (CONNECT).
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If frozen, samples were defrosted and acidified to pH 2 using HCl (37%, ACS

grade). SPE cartridges (Agilent Bond Elut, PPL 500 mg, 6 mL) were conditioned

with 3 headspaces of methanol (Fisher, Optima LC/MS grade), and the acidified

seawater slowly pulled through under vacuum (no faster than 10 ml/min). When

the whole seawater sample had passed through the cartridge, the cartridges were

rinsed with 3 headspaces of HCl (0.01 M), dried for 5 minutes, and the extract

eluted with 8 mL of methanol (Fisher, Optima LC/MS grade), which was collected

in ashed glass vials. Eluted samples were capped and sealed with parafilm, and

stored at -20 ◦C. For the second BLEACH campaign, it was not possible to elute

the extract, therefore the cartridge was dried for 5 minutes under vacuum, and the

dry cartridge stored at -20 ◦C, for elution at a later date according to the same

procedure.

Following extraction, the fatty acids were analysed by GC-MS. The samples were

first derivatised by esterification. 50 µ l of an internal standard solution (methyl

nonadecanoate, 0.1 mg/ml, analytical standard, 98% GC, Sigma-Aldrich) was

added to each methanol extract, along with 0.103 ml sulfuric acid (puriss., 95 -

97%, Sigma-Aldrich). 4 ml of hexane was added to each sample (≥95% HPLC

grade, Fisher Chemical) and the headspace flushed with nitrogen. The vials were

sealed and gently heated until the solvent refluxed off the sides of the vials for 2

hours, completing derivatisation. The acidity of the sample was reduced by addi-

tion of 1 ml of hexane to each vial along with 2 ml of distilled water, and samples

manually shaken for 5 seconds, before removal of the aqueous layer by pipette.

This step was carried out three times. Following Vertex centrifugation, the hexane

layer was collected and reduced to dryness under nitrogen, before redissolution

in 100 µ l of hexane.

This sample was analysed by GC-MS (Agilent Technologies 6850 GC and 5975C

inert XL EI/CI MSD with Triple-Axis Detector), with injection volume 1 µ l, split ratio

of 5:1 and inlet temperature 250 ◦C. With a flow fate of helium through the column

of 1 ml/min, the oven temperature was held at 50◦C for 2 minutes, ramped to 140

◦C at 10 ◦C /min, then to 220 ◦C at 3 ◦C /min, and finally to 260 ◦C at 30 ◦C /min,
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where it was held for 6 minutes. Each sample was run with a full mass scan from

m/z 50 to 500, followed by three runs using single ion mode, switching between

m/z of 55, 67 69, 74, 79, 81, 87 and 93, with a dwell time at each m/z of 50 ms.

Data was processed using Agilent MassHunter and the NIST Mass Spectral Li-

brary. External calibration was carried out using commercially available standards

where available.

Seawater extractions were carried out by Katherine Weddell on PML and CON-

NECT samples, and by Lucy Brown for BLEACH samples. Fatty acid derivati-

sation and quantification by GC-MS was carried out by Katherine Weddell on all

samples. Further details of the development of this method are available in Wed-

dell (2023).

Surface Tension Surface tension samples were stored in 60 ml polypropylene

bottles. For the CONNECT and BLEACH campaigns, samples were initially frozen

at -80◦C before transferring to -20◦C for long-term storage (Yousif Assiri, pers.

comm.). PML samples were initially frozen at -20◦C. Surface tension of the sam-

ples was measured using a Kibron EZ-pi+ with a Wilhelmy plate and thermocou-

ple probe. Prior to measurement the thermocouple probe was rinsed with milli-Q

and the plate was rinsed with milli-Q and flamed until red-hot. The plate was

then inserted perpendicular to the liquid surface and allowed to equilibrate un-

til a stable surface tension measurement was obtained for a duration of at least

5 minutes. Measurements were performed in duplicate, by Yousif Assiri (PML,

CONNECT) or Lucy Brown (BLEACH).

Salinity During the PML campaign, salinity was measured for discrete SML and

ULW samples using a handheld Greisinger GLF 100 Temperature-Salinity probe.

During the CONNECT campaign, salinity was measured by a SBE 4 conductivity

sensor, mounted on the CTD rosette.

4.3.4 Flow Reactor Method

The variable flows method (Chapter 2) was used for all seawater samples, with

flow rates applied of 400, 480, 600, 800 and 1200 SCCM, and an applied ozone
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concentration of 60 ppb. The small flow reactor was used, which gave reaction

times between ozone and the seawater surface of approx. 19 - 74 seconds. To

make up the total flow required for analysis by the ozone monitor (Thermo 49i, ≈

1.4 SLPM), a dilution flow of compressed air was applied directly after the flow

reactor (1000 SCCM). During the CONNECT campaign, uptake was measured

to seawater at the in-situ temperature (controlled by Grant Optima R3/TX150 re-

circulating water bath). For PML samples, all samples were measured at 20 ◦C.

Background uptake was measured as a blank to the glass surface, as described

in Section 2.3.6.2. Deposition velocity was calculated using the same analytical

method as in Chapter 3.

A picture of the flow reactor set-up on the ship is included in Fig. 42.
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Figure 42: Picture of the small flow reactor set up on the RV Sonne during the
CONNECT campaign, demonstrating the proximity of the sampling and ozone
uptake measurements.

4.3.5 Sample Treatment and Storage

The goal of this work was to measure ozone uptake over authentic seawater

samples to attempt to gauge the true chemically driven ozone uptake. To avoid

chemically altering the sample, storage and processing were kept to a minimum

prior to measurement, however were sometimes necessary due to time and loca-

tion restraints. A summary of sample treatment and storage is provided in Table

11.

For the PML campaign, it was necessary to freeze the samples prior to measure-
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ment, due to the distance between sample collection and laboratory measure-

ment. All samples collected were filtered prior to being frozen, and stored frozen

for up to 3 years prior to ozone uptake measurement.

On the CONNECT campaign, it was possible to perform ozone uptake measure-

ments on the ship, directly after sample collection, within approximately 2 hours

for SML samples and 6 hours for ULW samples. These were therefore not frozen,

and were also unfiltered. These uptake measurements are therefore the most

likely to be a true representation of the ozone-reactivity of the SML and underly-

ing water.

In terms of comparative measurements, surface tension samples were frozen un-

filtered, however flash frozen at -80 ◦C, which was determined to be the most

effective way of preserving the true surface tension of a frozen sample (Yousif

Assiri - pers. comm.). It was however not possible to perform all analyses on

unfiltered samples. Iodine speciation and fatty acid analysis must be performed

on filtered samples to avoid blocking the solid phase components of the analyti-

cal instruments. A previous study demonstrated that for 13 of 16 measured fatty

acids, filtering did not impact recovery. There was however some loss of three

specific fatty acids during this sample preparation step; octanoic acid, nonanoic

acid and octadecanoid acid (Weddell, 2023). For octanoic acid and nonanoic

acid it was suggested that the higher polarity compounds had a greater affinity

for the filters, however no route of loss was determined for octadecanoic acid. In

seawater, to the authors knowledge there is not literature available on the impact

of freezing on fatty acid concentrations, however it is known in food science that

freezing reduced fatty acid concentrations in meat (Zymon et al., 2007). Filtration

was necessary for quantification of DOC, to separate particulate organic carbon

(POC) prior to measurement. Quantification of organic carbon without filtering

would measure total organic carbon (TOC). Filtering and freezing is standard

practise for many biogeochemical species, including DOC (Dickson et al., 2007),

however to our knowledge no studies exist to show the impact of freezing filtered

seawater on subsequent fatty acid measurements.
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On the BLEACH campaign, samples were collected for analysis of iodine speci-

ation, DOC concentration, and surface tension. Ozone uptake experiments were

attempted on this campaign, however instrument issues meant that no viable

measurements were made.

Table 11: Summary of sample storage and treatment across campaigns.

Campaign Parameter Filtered? Frozen?

PML Ozone uptake yes yes
Iodine speciation yes yes
DOC yes yes
Surface tension yes yes∅
Fatty acids yes yes

CONNECT Ozone uptake no no
Iodine speciation yes yes
DOC yes yes
Surface tension no yes
Fatty acids yes yes

BLEACH Iodine speciation yes yes
DOC yes yes
Surface tension no yes

∅ indicates samples were frozen at -20◦C, rather than the preferred -80◦C.

Sample logs for the CONNECT cruise are available in Appendix 6.3.1. Sampling

locations and station-specific sampling information, including SML thicknesses,

are also available in Appendix 6.3.2 for the CONNECT cruise.
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4.4 Results and Discussion

4.4.1 Biogeochemistry of the SML and ULW

For meaningful examination of the drivers of ozone uptake to seawater, the chem-

ical makeup of the sample must be understood. Four key characteristics were ex-

plored; DOC concentration, fatty acid concentration, surface tension and iodide

concentration (fatty acid concentrations were not measured on the BLEACH cam-

paign, and at the time of writing, DOC measurements for the BLEACH campaign

are not available). Summary statistics of each measurement in the SML and ULW

for each campaign are outlined in Appendix 6.4.1 (Table 21), and explored in the

subsequent discussions.

Samples of the SML and ULW were collected at the same location, and at roughly

the same time. This allowed measurement of ozone uptake to paired seawater

samples, to assess the differences in ozone reactivity of the SML compared to

the bulk water. To support this analysis, the biogeochemical differences between

the SML and ULW samples were explored. Where applicable, the enrichment fac-

tor (EF) of a species or characteristics was calculated to quantify the difference

between the SML and ULW. The EF of characteristic X is the ratio of X in the

SML compared to the ULW, per Eq. 47. X in the following discussion refers to the

concentration of DOC, fatty acids or iodide, measured for each sample.

EFX =
XSML

XULW
(47)

Dissolved Organic Carbon DOC was measured for all samples during the PML

and CONNECT campaigns. A timeseries of DOC concentrations throughout the

PML campaign is displayed in Fig 43. A map of DOC concentrations across the

CONNECT cruise track is shown in Figure 44. The mean concentrations of DOC

in the SML and ULW during the PML campaign were 1.6 ± 0.5 and 1.5 ± 0.5 mg

C L−1, respectively, where the error is given as one standard deviation. DOC was

higher during the CONNECT campaign, with mean values of 2.7 ± 2.2 and 1.9

± 0.4 mg C L−1 for SML and ULW, respectively. The average DOC concentration
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during the CONNECT campaign was likely higher because of the warmer water

temperatures increasing biological activity and hence DOC production, compared

to those in the English Channel. Additionally, samples were collected near some

high productivity areas, for example the Mauritiana upwelling off the west coast

of Africa. Upwelling regions experience a flux of nutrients from the deep ocean,

therefore experience high primary productivity (Hansell and Orellana, 2021).

Figure 43: Timeseries of DOC concentrations during the PML campaign, in the
SML and ULW.

Previous measurements of DOC concentrations in the SML were reported as

2.7 ± 2.1 mg C l−1 (225 ± 175 µmol L−1) from 79 samples, and 1.9 ± 1.6 mg

C l−1 (161 ± 139 µmol L−1) in ULW, from 78 samples (Pinxteren et al., 2017).

These values were collated from several locations in the Atlantic Ocean, includ-

ing south-north transects from Punta Arenas, Chile to Bremerhaven, Germany

and from South Africa to Bremerhaven. Values were also reported for samples

collected from the Cape Verde Atmospheric Observatory (CVAO), and from the
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Figure 44: Map of DOC concentrations during the CONNECT cruise, in the SML
and ULW.

Raune Fjord in Bremen, Norway.

To probe whether the SML was measurably different in DOC concentration com-

pared to the ULW, the enrichment factors of DOC (EFDOC) were calculated for

this work (fig. 45). There is not a clear trend between the campaigns, nor within

individual campaigns. The errors are noticeably higher in samples from the PML

campaign; this was due to higher variability between repeat samples. These EFs

were compared to previous reported values, focusing on studies that have sam-

pled in the same approximate areas as this work (Table 12). In this work, samples

from the PML campaign were overall enriched in DOC compared to the underly-

ing water (EFDOC = 1.5). During the CONNECT campaign, two measurements of

EFDOC were made during the Pacific leg of the cruise, with one sample showing

depletion (EFDOC = 0.86) and the other showing enrichment (EFDOC = 1.36). Dur-

ing the Atlantic Ocean phase, on average samples were depleted in DOC in the

SML (median EFDOC = 0.9), however again a range of enrichment and depletion

was observed (Table 12).
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Figure 45: Timeseries of DOC EF during the CONNECT and PML campaigns.
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Table 12: Literature values for enrichment factors of DOC in the SML.

EFDOC SML thickness Location coastal or open ocean Reference
min - max median (µm)

0.2 - 9.1 1.1 50 - 243 Atlantic Ocean - Cape Verde coastal Pinxteren et al. (2017)
1.1 - 2.3 1.4 40 - 80 Atlantic Ocean - subtropical open ocean Reinthaler et al. (2008)
1.2 - 1.9 1.6 150 Atlantic Ocean - North open ocean Sieburth et al. (1976)
0.7 - 3.8 1.3 50 - 243 Atlantic Ocean - Cape Verde open ocean Pinxteren et al. (2017)
0.7 - 2.8 1.4 50 - 243 Atlantic Ocean - transect open ocean Pinxteren et al. (2017)
0.8 - 5.3 1.7 50 - 243 Atlantic Ocean - transect open ocean Pinxteren et al. (2017)

0.30 - 2.45 0.9 593 Atlantic Ocean - transect open ocean This Work
0.9 - 2 45 - 60 Equatorial Pacific mixed Engel and Galgani (2016)

1.0 - 1.5 41.3 Equatorial Pacific mixed Zäncker et al. (2017)
0.86 - 1.36 1.1 593 Equatorial Pacific open ocean This Work
0.97 - 1.05 - North Sea coastal Stolle et al. (2020)

0.8 - 5.3 1.4 50 - 243 North Sea - Bergen coastal Pinxteren et al. (2017)
0.48- 2.69 1.5 653 English Channel coastal This Work

”-” denotes value not reported.
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For previously reported values, the most extensive study by Pinxteren et al. (2017)

reported EFDOC for several locations throughout the Atlantic Ocean (Table 12).

This study reported EFDOC values which ranged from 0.20 to 9.09, demonstrating

the wide range in enrichment factors that can be encountered.

One study determined that in the Equatorial Pacific, the greatest enrichment

in DOC was measured for open ocean samples, compared to coastal samples

(Zäncker et al., 2017). In this work, coastal samples (PML) were slightly more en-

riched in DOC compared to the open ocean samples obtained during the CON-

NECT cruise, in contrast to the findings of Zäncker et al. (2017), however our

samples were collected in different regions and during different time periods.

These measurements demonstrate that for the DOC pool as a whole, there is

not a large or consistent difference between the SML and the ULW, so is unlikely

to predict or explain any differences in ozone uptake to the SML and ULW. The

concentration of DOC is a measure of the organic content of a water sample, how-

ever does not tell us anything of the chemical makeup of the organic pool. Due to

the chemical selectivity of ozone as an oxidant, analysis of individual compounds

within the DOC pool are required for detailed understanding of acceleration of

ozone uptake due to organic compounds.

Fatty Acids Targeted analysis of fatty acids in the DOC was performed for sam-

ples collected during the CONNECT and PML campaigns, and quantified by GC-

MS, as described in detail in Weddell (2023). Concentrations of fatty acids are

displayed in Figure 46 for the CONNECT cruise, and Figure 47 for the PML cam-

paign. Summary statistics are described in Appendix 6.4.1.

Samples collected during the CONNECT campaign had mean concentrations of

total, saturated and unsaturated fatty acids of 15.1, 14.4 and 0.8 µg L−1 in the

SML, and 8.4, 8.1 and 0.4 µg L−1 in the ULW, respectively. For the PML cam-

paign, the mean total, saturated and unsaturated fatty acid concentrations were

35.2, 20.0 and 15.3 µg L−1 in the SML and 64.6, 11.8 and 52.8 µg L−1 in the ULW.

Samples collected during the PML campaign were therefore higher in concentra-

tion in fatty acids than those collected during the CONNECT campaign. The
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Figure 46: Concentrations of fatty acids in the ULW and SML across the CON-
NECT cruise track.

unsaturated fatty acid concentrations during the CONNECT campaign were par-

ticularly low, which was attributed to lower biological activity in open ocean water

compared to coastal water, as well as indicating more aged seawater (Weddell,

2023).

The CONNECT samples can be compared to the results of Marty et al. (1979),

which described open ocean measurements of fatty acids, and which were sim-

ilarly low in concentration (mean concentration of 6.95 µg L−1 saturated fatty

acids and 1.6 µg L−1 unsaturated fatty acids in the SML). The low concentrations

measured by this work and by Marty et al. (1979) are indicative of the generally

oligotrophic conditions of the open ocean.
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Figure 47: Concentrations of saturated and unsaturated fatty acids in the ULW
and SML during the PML campaign.

The studies performed by Gašparović et al. (2007); Slowey et al. (1961); Daumas

et al. (1976) sampled coastal water, and are therefore more comparable to the

measurements obtained from the PML campaign. In all cases, the concentrations

of fatty acids obtained (Table 8) were higher than the measurements described in

the work of Weddell (2023); this could be due to the higher temperature waters

sampled by Slowey et al. (1961) and Daumas et al. (1976) increasing biological

productivity, or by the higher lipid content of cold water phytoplankton described

by Gašparović et al. (2007).

Fatty acids are naturally surface active, due to their hydrophilic head and hy-

drophobic tail. To investigate whether this resulted in a fatty-acid rich SML, the

enrichment factors of fatty acid concentrations across the CONNECT and PML

campaigns were calculated and are shown in Fig 48.

Mean and median enrichment of unsaturated fatty acids during the PML cam-

paign were 1.2 and 1.0, compared to 28.3 and 2.7 for the CONNECT cruise. The

mean values during the CONNECT cruise were heavily influenced by two sam-
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ples which were highly enriched in unsaturated fatty acids, however this was due

to extremely low concentrations of unsaturated fatty acids in the ULW (0.003 µg

L−1 for EF = 263 and 0.002 µg L−1 for EF = 49), rather than high SML concen-

trations. Excluding these two points, the highest EF for unsaturated fatty acids

during this campaign was 7.1. SML collected during the CONNECT campaign

was therefore more enriched in unsaturated fatty acids compared to PML, how-

ever with far lower relative concentrations.

The enrichment of fatty acids in the SML is variable, but can represent a substan-

tial difference between bulk-phase fatty acids, and those which are available for

reaction with ozone. This demonstrates the importance of separate consideration

of the ULW and the SML for ozone uptake. Due to the small amount of data previ-

ously available for fatty acids in the SML, this dataset of fatty acid concentrations

is a powerful complement to ozone uptake measurements, allowing analysis of

their potential contribution to enhanced ozone uptake in seawater.

Figure 48: Enrichment factors of fatty acid concentration in the SML compared to
the ULW for CONNECT and PML campaigns.
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Surface Tension An enrichment in surface active substances (SAS) in the SML

would lead to a lower surface tension of the SML compared to the ULW. It was

demonstrated that the most effective way of storing samples for surface tension

measurement was flash freezing unfiltered samples at -80 ◦C (Yousif Assiri, pers.

comm.). This procedure was not known prior to PML sample collection, therefore

these samples were frozen at -20 ◦C, and their surface active properties likely

altered. Surface tension measurements from PML are therefore not displayed

in this section. Measurements from the CONNECT and BLEACH campaigns

are displayed in Figure 49. The measurements obtained during the BLEACH

campaign have large errors due to inconsistency between repeat measurements.

This is possibly because it is desirable to perform these measurements on an

anti-vibration surface, e.g. a large stone block, which was not available during

this campaign.

Figure 49: Surface tension measurements in the SML and ULW during CON-
NECT and BLEACH campaigns. Error bars show standard deviation of replicate
measurements, which were very low for the CONNECT campaign.

For the CONNECT campaign, the surface tension of the SML was slightly de-

pressed. The mean and median EFST during the CONNECT campaign were both

0.99 with an IQR of 0.01. The summer portion of the BLEACH campaign had a
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mean and median EFST of 0.93 and 0.94. These surface tension measurements

are the only results presented here which were not frozen prior to measurement.

The winter portion has mean and median of 0.94 and 0.98, with the mean skewed

low by one extremely low EFST , which was driven by an SML surface tension mea-

surement of 55 mN/m; an unusually low value.

From the small amount of data available, it therefore appears the lowest enrich-

ment factors of surface tension were obtained from fresh, unfrozen samples, in-

dicating that the process of freezing may impact the surface activity of seawater

samples.

The impact of surfactants on surface tension was quantified as film pressure, ∆σ ,

and estimated by two methods. Firstly, the ULW was assumed to be surfactant

free, therefore depression of surface tension in the corresponding SML sample

was due to surfactants in the SML. ∆σ was quantified as the surface tension of

the SML subtracted from the surface tension of the corresponding ULW. The sec-

ond method uses a calculated reference surface tension at a given temperature

(T, in ◦C) for pure water, σw (Eq. 48), which is adjusted for salinity (S, in g/kg) to

give σsw (Eq. 49), which is the reference surface tension at a given salinity and

temperature, with no impact from surfactants.The measured SML surface tension

is subtracted from this, giving ∆σ (Nayar et al., 2014). In the original literature

source, σw and σsw were labelled γw and γsw; they were relabelled in this work to

avoid confusion with uptake coefficients.

σw = 235.8×
(

1− t +273.15
647.096

)1.256

×
(

1−0.625
(

t +273.15
647.096

))
(48)

σsw = σw

(
1+3.766×10−4S+2.347×10−6St

)
(49)

The impact of surfactancts on the surface tension of the SML collected during

the CONNECT campaign, calculated using these two methods, are displayed

in Figure 50. Using the ULW-SML difference, the surface tension of samples is

consistently depressed, demonstrated by the positive ∆σ value. Using the method
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described by Nayar et al. (2014), there are instances where the surface tension

is similar to that predicted with no influence from surfactants.

Figure 50: Depression of surface tension by surfactants in the CONNECT sam-
ples, calculated by the difference in measured ST for ULW and SML samples,
and using the method described in Nayar et al. (2014).

For comparison, surface tension in SML and ULW samples were measured in

the Delaware Bay (Burdette et al., 2022), with surface tensions of 69.65 to 70.82

mN m−1 for SML and 70.12 to 70.60 mN m−1 for ULW. These corresponded to

surface tension depression by SASs of 3.36 to 4.11 mN m−1 for the SML.
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Iodide Iodide measured throughout the PML campaign is displayed in Figure

51. Iodide measured during the CONNECT campaign is displayed in Figure 52.

Across all campaigns, iodide in the underlying water ranged from 58 - 172 nM. In

the SML, iodide was generally lower, ranging from 32 - 135 nM. The lowest aver-

age iodide in the SML was collected during the CONNECT campaign, which also

had the lowest variation (considering IQR as a percentage of the median value).

Figure 51: Concentration of iodide throughout the PML time series campaign.
Error bars are not visible, but show the standard deviation of duplicate measure-
ments.

Iodide has been measured reasonably extensively in surface waters, with most

samples collected between 40◦N and 40◦S (Sherwen et al., 2019), and the most

recent dataset of surface (< 20 m depth) iodide measurements containing 1342

observations (Chance et al., 2019). Utilising the large number of observations,

models have been developed for iodide prediction in surface waters (Chance

et al., 2014; Sherwen et al., 2019; MacDonald et al., 2014). Surface waters in the

context of these publications refers to the near-surface underlying water, not the

sea surface microlayer. The first parameterisation was put forward by MacDon-

ald et al. (2014), which parameterised iodide concentration as a function of sea-

surface temperature (SST, measured in Kelvin), according to Eq. 50. No other

variables were tested for co-dependency, and the iodide concentration predicted

by this equation has an estimated uncertainty of approximately 50%, compared
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to measured values.

[I−(aq)] = 1.46×106 × exp(
−9134

SST
) (50)

A further study tested several variables as predictors for iodide concentrations

(SST, latitude, nitrate, chlorophyll-a, salinity, mixed layer depth), and found SST

(squared) to be the strongest predictor, with nitrate concentration proving the

second-strongest (Chance et al., 2014). Iodide concentration can therefore be

predicted from the single variable Equation 51, where SST is measured in ◦C.

This fit of this equation, compared to the measurement data, had an R2 of 0.61.

The predicting power was improved by inclusion of a combination of variables,

with Eq. 52 improving the fit, resulting in R2 of 0.676. This model gives an im-

proved estimate of iodide concentration, and despite relying on more variables,

it is based on parameters which are commonly measured during seawater sam-

pling.

[I−(aq)] = 0.225×SST 2 +19 (51)

[I−(aq)] = 0.28×SST 2 +1.7× latitude+0.9×nitrate

−0.020×mixed layer depth+7× salinity−309
(52)

These two models disagree in predicted iodide concentration by 2 - 4 times (with

the MacDonald et al. (2014) parameterisation predicting consistently lower con-

centrations, Fig. 52). The disagreement could be due to the smaller number of

measurements used in the MacDonald et al. (2014) work, and the fact that the

Chance et al. (2014) work included coastal measurements, which are generally

higher than open-ocean iodide concentrations.

The current state-of-the-art for prediction of surface ocean iodide concentrations

is a machine-learning based parameterisation developed by Sherwen et al. (2019).

The Sherwen et al. (2019) parameterisation addresses previous issues by inclu-

sion of a larger set of iodide concentrations (including coastal and open ocean

observations), with the database being updated as new observations are made.
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This model provides monthly predictions for iodide concentrations in a 12.5 x 12.5

km grid. In this work, several variables were tested for co-dependency (temper-

ature, nitrate, phosphate, salinity, shortwave radiation, topographic depth, mixed

layer depth and chlorophyll-a); it was determined once more that temperature was

the strongest predictor for iodide concentration. The predicted annual surface io-

dide concentrations are displayed in Figure 35. Predictions fall within 0 - 240 nM

iodide, with the highest concentrations in tropical and sub-tropical regions, con-

sistent with the higher temperatures. It should however be noted that at higher

temperatures, while iodide concentrations are expected to be higher, deposition

may become limited by reduced ozone solubility in water, which would dampen

the impact of iodide in tropical and sub-tropical regions (Ganzeveld et al., 2009).

To put our measurements in context, the results of the CONNECT cruise were

compared to the available models (Fig. 52). The Chance et al. (2014) and Sher-

wen et al. (2019) models compared favourably to the ULW measurements. The

MacDonald et al. (2014) model typically predicts iodide concentrations lower than

the Chance et al. (2014) and Sherwen et al. (2019) schemes, and this is observed

here. The MacDonald et al. (2014) scheme compared quite favourably to the de-

pleted iodide in the SML observations, despite being developed to predict iodide

in the underlying surface water.

The Sherwen et al. (2019) model was built on the largest database of iodide mea-

surements, which continues to grow due to it following a ”living data” model. This

means it is continually updated as new observations are made. This therefore

represents a good indicator of the status-quo of iodide measurements, especially

as the CONNECT cruise traversed a well-sampled region of the ocean. For a

comparison of model performance compared to observations across different lat-

itudes, see Fig. 7 in Sherwen et al. (2019). The good comparison between our

ULW iodide measurements and the Sherwen et al. (2019) model grant confidence

in both the model and in the oceanographic representativeness of our measure-

ments.

In the context of ozone deposition to the ocean, the iodide in the SML is more
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Figure 52: Measured iodide concentrations (solid lines) collected during the CON-
NECT cruise, for ULW and SML samples. Reported iodide concentrations were
measured from samples collected before flow reactor experiments. Concentra-
tions predicted by models are shown in dashed lines (Chance et al., 2014; Sher-
wen et al., 2019; MacDonald et al., 2014).

relevant than the iodide in the bulk water. While the Chance et al. (2014) and

Sherwen et al. (2019) models predict ULW iodide quite well, an adaptation to the

models would need to be developed to predict SML concentrations, however this

would require a greater number of samples to be taken, to increase the temporal

and geographical range of iodide SML observations.

A range of iodide concentrations were encountered across both SML and ULW

samples. Given that temperature has consistently been found to be the strongest

predictor of iodide concentration in the surface ocean, its correlation with iodide

was tested for these samples. Temperature was a very strong predictor of iodide

concentration during the CONNECT cruise, both in the SML and in the ULW.

Despite only an approximately 3.5 ◦C range, R2 values of 0.7 and 0.87 for SML

and ULW respectively were obtained for the correlation between iodide and water

temperature, consistent with the previous literature for underlying water (Chance

et al., 2014; MacDonald et al., 2014). To our knowledge this has not previously

been shown to be true for the SML, and could be a powerful tool for SML iodide
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prediction.

Figure 53: Correlation of measured iodide with water temperature during the
CONNECT cruise.

To demonstrate the difference in iodide in the SML and ULW, enrichment factors

were calculated, and displayed in Figure 54. The median EFiodide for the PML

campaign was 0.89, with a IQR of 0.14. The median EFiodide for the CONNECT

campaign was 0.43 with an IQR of 0.05, and for the BLEACH campaign, the

median was 0.89 with IQR of 0.10. All campaigns demonstrate depletion of iodide

in the SML, with this effect most noticeable in the CONNECT campaign, resulting

from the low SML iodide.

The depletion of iodide was markedly greater in the CONNECT campaign, com-

pared to the BLEACH and PML samples, which displayed similar depletion lev-

els. For all three campaigns, samples for iodine speciation measurements were

treated in the same way; filtered and frozen prior to storage. Previous work has

shown freezing to be the most suitable method of preserving iodine speciation in

seawater samples, however some random losses of iodide were observed (Cam-
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Figure 54: Enrichment factor of iodide in the SML compared to the ULW.

pos, 1997). The consistency of depletion in the CONNECT samples, demon-

strated by the low IQR, indicated that random losses were likely not responsible

for the high degree of depletion observed.

It was investigated whether iodide was being lost to the Garrett screen mesh, or

from oxidation by atmospheric ozone. Tests were carried out whereby an iodide

solution was exposed to mesh from the Garrett screen, and the iodide concen-

tration measured as a function of mesh exposure time. A further experiment was

carried out which measured iodide as a function of Garrett screen draining time

(Appendix 6.4.2). No trend was observed between mesh or screen exposure time

and measured iodide concentration, indicating this is not a sampling bias (Jones

2024, in prep).

Iodide depletion in the SML was described across a smaller depth in the SML by

Pound et al. (2023), whereby ozone was anticipated to be depleted across the

reacto-diffusive depth of ozone (Pound et al., 2023), on the order of a few mi-

crons. For a bulk iodide concentration of 100 nM, at 30 ppb atmospheric ozone

and a sea surface temperature of 285 K, an iodide depletion in the reacto-diffusive

depth of ozone of between 2 to 17.5 % was predicted between wind speeds of 0.1

and 9.5 m s−1, with the greatest depletion at low wind speeds. Similarly, iodide

depletion in the SML is consistent with the work of Schneider et al. (2020), where

reduced ozone uptake was measured over artificial seawater over time, which
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was attributed to iodide depletion in the surface layer. Applying their model to the

environment, a depletion of iodide of only 0.3 % was modelled in the ocean. In

both modelling studies, the mechanism for iodide depletion was iodide reaction

with ozone occurring faster than replenishment from the bulk water into the SML.

Both authors concluded that variations in turbulence have a strong impact on the

extent of iodide depletion, due to changes in mixing from the bulk.

The depth of depletion studied in these publications are far smaller than the SML

sampled in this work, therefore this cannot fully explain the observed depletion. It

is postulated that there are several sub-layers which make up the upper bound-

ary of the ocean, described as the nanolayer, microlayer, millilayer and centilayer

(Hardy, 1997). Due to the thick SML collected in this work, there could be an

influence from these distinct layers, and the complex interactions between them.

As discussed in Section 4.2.2, previous measurements on iodide enrichment

and/or depletion in the SML have not found a statistically significant difference

between the SML and ULW, however our measurements suggest a consistent

depletion of iodide in the sea surface in both coastal and remote ocean areas.

This could be a result of improved analytical capabilities; during the MILAN cam-

paign iodide concentrations were measured using square wave voltammetry, a

technique which is known to have issues with reproducibility (Jones et al., 2023).

In the study by Chapman and Liss (1981), iodide was quantified by the difference

in total iodine and iodate, quantified by colourimetry. Measurements quantified

by difference have an inherently larger error than measurements made by a sin-

gle quantification. The analytical accuracy of these methods may not have been

great enough to capture the nanomolar differences in iodide in the SML and the

ULW.

4.4.2 Alterations to Iodine Speciation Following Ozone Exposure

If ozone uptake to seawater were occurring solely due to reaction with iodide, it

would be possible to predict iodide loss over time, using the kinetics calculated

in Chapter 3. An experiment was carried out to measure the change in iodide
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concentration after prolonged ozone exposure, and calculations were performed

to attempt to model the change in iodide throughout the experiment.

100 ml of sample was placed in the flow reactor, and stirred without pumping,

and ozone (60 ppb) was flowed over the solution at a continuous flow rate of 500

sccm. Aliquots of the liquid phase were removed at intervals, from 1 minute up to

45 minutes of ozone exposure. Once removed from the flow reactor, the samples

were filtered and frozen, and iodide quantified subsequently by IC.

This experiment was carried out twice during the CONNECT cruise; once on

underlying water, and once on SML, both of which were unfiltered and unfrozen

at the time of the experiment. Sample details are described in Table 13.

Table 13: Samples used in ozone exposure experiments

D1 D2

sample type underlying SML
sample date 02/01/2022 07/01/2022
approximate location Caribbean Equatorial Pacific
initial iodide (nM) 157 63
DOC (mg L−1) 1.82 2.18
saturated fatty acids (nM) below LOQ 62
unsaturated fatty acids (nM) below LOQ 3
surface tension (mN m−1) not available 73.3

The measurements of iodide during these experiments are displayed in Figure

55, by the round points. For underlying water, there was a strong decrease in

aqueous iodide with increasing ozone exposure. This was consistent with expec-

tations, whereby iodide depletion occurs due to reaction with ozone.

Conversely, for D2, the SML sample, there was very little change in iodide concen-

tration over the course of the experiment. In this experiment, it appears reaction

with iodide was being ”blocked”.

A calculation was carried out to contextualise these measurements according to

the expected loss. An approximation of iodide lost over the course of the experi-

ment was made using the method described in Section 3.4.1.3. The time between

each aliquot removal was treated as a time step. The iodide concentration prior

to ozone exposure was used as the starting condition. The rate of iodide loss

was calculated from the aqueous ozone and iodide concentrations, and the rate
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coefficient calculated in Chapter 3, according to Eq. 30. The total iodide available

to ozone was calculated for the volume determined by the reacto-diffusive length

of ozone (Eqs. 31 to 34), and the iodide loss during each time step calculated by

the rate of loss multiplied by the time step length (Eq. 35). The same calculations

were carried out for each time step, with the final predicted iodide concentration

from the previous time step used as the starting condition for the next. The reacto-

diffusive volume during each time step was different due to aliquot removal and

lowering iodide concentrations.

The ozone concentration varied through the length of the flow reactor, between

the applied concentration (60 ppb) and the minimum residual ozone concentration

(34.5 ppb for D1 and 28.5 ppb for D2). Iodide loss according to both of these up-

per and lower ozone concentrations was calculated, and displayed as the ribbon

traces on Figure 55.

Figure 55: Change in aqueous iodide concentration as a function of ozone ex-
posure, for D1; underlying water, and D2; SML. Ribbon traces show the pre-
dicted iodide concentrations, calculated using bulk-phase reaction kinetics. The
top boundary of the traces was calculated using the minimum (residual) ozone
concentrations, while the bottom boundary was calculated using the maximum
(applied) ozone concentration of 60 ppb.
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For both samples, iodide was expected to be depleted within minutes (as low as

5 minutes for the SML D2 and as low as 8 minutes for the ULW D1). In both ex-

periments, iodide remained in the bulk solution for the duration of the experiment,

potentially indicating that ozone-iodide reactivity was blocked in the seawater, and

is consistent with the large disagreement between predicted and measured reac-

tivity for seawater samples discussed later in this work. It is clear that ozone was

consumed by the solution, as the residual ozone was significantly lower than the

applied concentration, therefore this is an indication that while species in the sea-

water were reacting with ozone, reaction with bulk iodide was minimal. During

the experiment, some iodide loss in the ULW was observed, but less than was

predicted kinetically. For the SML this effect was the most pronounced, with little

variation in bulk iodide throughout the whole experiment.

In terms of differences between the two samples, their overall DOC concentration

was similar, however the SML samples contained measurable concentrations of

fatty acids, in particular unsaturated fatty acids. These surface-active species

could have been more efficiently reacting with ozone, and/or the large concentra-

tion of saturated fatty acids could be blocking the transfer of ozone to the aqueous

phase, thus blocking the ozone-iodide reaction.

For these samples, full iodide speciation was measured, however for experiment

D1, a complete mass balance was not conserved (total iodine concentration

dropped from approx. 410 nM to 250 nM over the 45 minutes of ozone expo-

sure, Appendix 6.4.3). This could be due to loss of iodine-containing species to

the gas phase, e.g. as HOI and I2, or by partitioning to species not measurable by

this IC method. The full speciation over the course of the experiment is available

in Appendix 6.4.3.

For routine flow reactor experiments, samples were pumped through the flow

reactor to avoid depletion of iodide during the experiment time, resulting in a res-

idence time of seawater in the flow reactor of less than 2 minutes. By analysis

of the iodine speciation before entering the flow reactor, and from the sample

taken at the midpoint of the experiment, it was sought to verify that iodide was
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not being depleted. Unexpectedly, and in particular during the CONNECT cam-

paign, iodide concentrations were often observed to increase during this period,

concurrent with a decrease in concentration of DOI. This led to the conclusion

that iodide was being released from organic compounds following ozone expo-

sure. This trend was not as strongly observed during the PML campaign, with

increases and decreases seen in both iodide and DOI. An increase in iodide was

not observed in measurements of iodide in phosphate buffer following ozone ex-

posure (Appendix 6.2.3), indicating this was not a systematic error.

An increase in DOI is possible via a mechanism of reactive iodine species, e.g.

HOI, reacting with organic matter. For example, HOI was determined to react

with phenolic compounds with second order rate constants of up to ≈ 107 M−1

s−1 at pH 8, depending on the functional groups (Zhao et al., 2017b). This study

demonstrated a high degree of iodine incorporation into the organic model com-

pounds following reaction; greater than 95 % halogen incorporation was recorded

for the reaction between HOI and phenol at pH 8, 23 ◦C.

Conversely, loss of DOI following ozone exposure could be due to hydroxyl radical

reactions liberating iodide from DOI. A study, which generated hydroxyl radicals

by application of hydrogen peroxide and Cu(II), measured complete recovery of

iodide from iodine containing organic x-ray tracers at pH 8 (Fono and Sedlak,

2007). Hydroxyl radicals could be present in these samples as they could be re-

leased following ozone reaction with DOM with electron-withdrawing components

(von Sonntag and von Gunten, 2015). Other hydroxyl radical formation routes

were considered, including the UV-induced reaction of O3 with H2O to form O2

and peroxide. The peroxide ion (HO−
2 ) can go on to react with ozone to form

the hydroxyl radical (von Sonntag and von Gunten, 2015). UV radiation was not

expected, as both experiments were carried out indoors, and at night-time. Addi-

tionally, it is expected that if any UV were present, it would be attenuated by the

glass of the flow reactor, and the ≈ 1 cm thick water jacket.

To reconcile the fact that DOI was sometimes lost and sometimes gained, it is

proposed that two pathways could be occurring concurrently. The reaction with
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DOM to form hydroxyl radicals could be occurring in all samples, leading to an

initial DOI loss and iodide gain. Reactions of ozone with iodide, which form reac-

tive iodine species such as HOI could then also occur, integrating iodide into DOI.

Whether there is a net loss or gain of DOI would depend on the dominant pathway

occurring, with more iodide-ozone reactions leading to a greater increase in DOI.

Figure 56: Change in aqueous iodide and DOI concentrations following ozone
exposure during flow reactor experiments.

For experiment D2 above, it was investigated whether the lack of iodide loss fol-

lowing ozone exposure was a result of partitioning from DOI to iodide, however

the measured DOI concentrations throughout the experiment showed the same

trend as iodide; very little change throughout the experiment (Appendix 6.4.3).

This supports the conclusion of negligible formation of reactive iodine-containing

compounds, due to few ozone-iodide reactions occuring. For experiment D1,

there was an increase in DOI concentration from zero to 13 nM, which plateaued

after 8 minutes, potentially after all possible iodine incorporation was complete.

Previously, formation of volatile organo-iodine compounds was observed following

ozone exposure to DOM and iodide-containing North Sea seawater, demonstrat-

ing the propensity for HOI and I2 to react with marine DOM (Martino et al., 2009).
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Conversely, a buffered solution of iodide and marine-origin DOC showed reduced

emission of I2 compared to a buffered iodide-only solution, however this was at-

tributed to reduced physical transfer of I2 from the liquid phase to the gas phase

(Shaw and Carpenter, 2013). Similarly, reduction of iodine-containing emissions

from ozone-oxidised SML samples was observed, but attributed to increased sol-

ubility of I2 in the organic rich SML (Tinel et al., 2020).

Measurement of gaseous iodine-containing compounds from ozone-oxidised SML

would advance this finding, however these results are an indication that the pres-

ence and identity of organic compounds has the ability to alter emissions of halo-

gens from seawater following oxidation. This is also an indication that ozone

reactions with SML water cannot be modelled by simple ozone-iodide kinetics

alone.

This finding formed the basis for using the ”after” sample in calculation of the

contribution of iodide to ozone uptake. Because the ”after” sample was collected

during the middle reaction time between ozone and the seawater, this is the best

representation of the average biogeochemical state of the water in the flow reac-

tor, whether iodide was lost or gained during the experiment.

4.5 Ozone Uptake to Seawater; Differences Between SML and

ULW

As highlighted in previous sections, the SML is a region of the ocean which is

chemically distinct from the underlying water, likely to interact differently with

ozone. Because the SML is the site of mass and energy transfer between the

ocean and the atmosphere, it is important to understand ozone uptake to the

SML, specifically.

Ozone uptake is presented here as a corrected uptake. This was calculated by

Equations 53 and 54; it is the uptake which has had the effects of gas phase diffu-

sion removed. Removal of gas phase diffusion resistance means γcorr > γ. In this

work, the mean ratio across CONNECT and PML ozone uptake measurements

of γcorr to γ was 1.12, with a range of 1.04 to 1.28.

146



Chapter 4 Ozone Uptake to Seawater and its Chemical Drivers

vdcorr =
1

rtot − rdi f f
(53)

γcorr =
4vdcorr

ω
(54)

Measured γcorr for the PML and CONNECT campaigns are displayed in Figure

57, with a comparison to uncorrected uptake, γ. It is observed that the samples

with the highest γcorr, and consequently highest ozone reactivity were collected

during the CONNECT campaign. The mean and standard deviation of γcorr on

the CONNECT campaign was 4.34 ± 0.7 ×10−6 for ULW samples and 4.86 ±

0.7 ×10−6 for SML samples. The mean γcorr on the PML campaign was 2.01

± 0.4 ×10−6 for ULW samples and 1.94 ± 0.6 ×10−6 for SML samples. The

measurements during the CONNECT campaign were higher in uptake, therefore

more impacted by gas-phase diffusion. This means there is greater difference

between γcorr and γ during CONNECT, compared to PML.

Sources of errors in γcorr include uncertainty in tube dimensions (Table 3), and

error propagated from standard errors in regressions of ln(O3) against reaction

time, as discussed in Section 3.5.1. The uncertainties in measurements of ozone

uptake to seawater are lower, relatively, compared to measurements over iodide

solution, as the blank measured to the glass surface was lower than the blank

measured to the phosphate buffer solution (Fig. 18).

The distribution of γcorr within both SML and ULW groups was tested for normality,

using the Shapiro-Wilk’s method (Yazici and Yolacan, 2007). For both SML and

ULW on CONNECT the distribution of data were not significantly different from

the normal distribution (p = 0.32 and 0.78, respectively, where H0 = the sample

distribution is normal), therefore parametric statistical analysis was performed.

The paired t-test was used to determine if the two groups were distinct from each

other, and it was determined that γcorr was different between the SML and the

ULW to the 95% significance level (p = 0.004). The SML collected during the

CONNECT cruise therefore appears to be more reactive to ozone than the un-

derlying water.
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Figure 57: Time series of measured uptake for CONNECT and PML campaigns.
γcorr is displayed in solid points, uptake not corrected for gas-phase diffusion, γ,
in transparent points.

For the PML series, γcorr of the ULW samples were normally distributed (p = 0.28,

Shapiro-Wilk’s test), however the SML samples were significantly different from a

normal distribution (p = 0.01), therefore a paired t-test was not performed.

Ratios of γcorr SML:γcorr ULW are displayed in Fig. 58. Enhanced ozone uptake

is observed in the CONNECT SML, with a mean ratio and standard deviation of

γcorr SML:γcorr ULW of 1.17 ± 0.1. For the PML samples the mean ratio obtained was

0.97 ± 0.3, leading to the conclusion that SML samples collected during the PML

campaign did not have consistently greater ozone uptake than the corresponding

underlying water.

The greater ozone-reactivity of the SML compared to the ULW on the CONNECT

cruise contradicts the depleted iodide in the SML. If iodide-reactivity was the sole

driver of ozone uptake, a less reactive SML would be expected, compared to the

ULW. This is therefore a strong indication that there is a significant influence of
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Figure 58: Ratio of γcorr of SML compared to ULW samples for CONNECT and
PML campaigns, where paired samples are available.

ozone reactions with other compounds.

To investigate whether differences in DOC or surface tension were predictors of

differences in γcorr for SML and ULW samples, ∆σ (calculated by the ULW-SML

difference) and EFDOC values were tested against the ratio of γcorrSML:γcorrULW.

There was no clear correlation for either, possibly because many surfactants and

components of DOC are not reactive to ozone. It was therefore concluded that

ozone uptake could not be parameterised based on the DOC pool as a whole.

The surface tension of the PML samples reported here were measured on filtered

frozen samples, to be consistent with the filtered and frozen ozone uptake exper-

iments. It is therefore not likely to be a true representation of the in-situ surface

tension of the SML in the English Channel.
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Figure 59: Ratio of corrected ozone uptake for SML:ULW samples, compared to
∆σ , calculated by the ULW - SML ST difference, for CONNECT and PML cam-
paigns.

Figure 60: Ratio of corrected ozone uptake for SML:ULW samples, compared to
EFDOC for CONNECT and PML campaigns
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4.6 Contribution of Iodide to Ozone Uptake

It was sought to understand how much of the measured ozone uptake could be

explained by the reaction of ozone and iodide alone. In this section, γaq was

calculated according to Eq. 8 and 9, using the measured iodide concentrations in

the seawater samples and the kinetics measured in Chapter 3.

An assumption was made that all bulk-phase reactivity was due to the reaction

between ozone and iodide. The relative contribution of aqueous ozone-iodide

reactions to overall reactivity is displayed in Figure 61, with the percent uptake

due to iodide calculated according to Eq. 55.

% uptake due to iodide =
γaq

γcorr
×100 (55)

Temperature and salinity dependent Henrys law coefficients and Daq were cal-

culated according to the method described by Johnson (2010), using the salinity

measurements in Appendix 6.4. For the CONNECT samples, the salinity of the

SML was not measured, therefore the salinity of the corresponding ULW was ap-

plied. The mean and median ratio of salinity of the corresponding SML and ULW

samples during the PML campaign were both 1.00, with a standard deviation of

0.05, therefore this assumption was deemed acceptable to apply to CONNECT

samples.

For inclusion in Eq. 8, it was attempted to estimate αaq using results described in

Chapter 3. From Equation 8, a graph of γcorr against
√

iodide concentration yields

information on 1/αaq (Appendix 6.4.4). Intercepts were scattered above and be-

low zero, therefore accurate determination of αaq was not possible. A mean value

of −6.5× 10−5 was obtained (range of −1.4× 10−5 to +2× 10−4), which, as well

as being negative, was lower than the accommodation coefficient for ozone over

water (αaq > 10−3) (Ammann et al., 2013). It was therefore determined that this

value was not appropriate to use, and the assumptions for αaq and αsur f described

in Moreno et al. (2018) were used. These were based on measurements made

by Magi et al. (1997); the higher uptake coefficients measured in their work would
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have a greater contribution of αaq, making their measurements more suitable for

its determination. At the uptake coefficients described here, the model is not

sensitive to the values of αaq and αsur f , therefore their contributions could not be

assessed, but are also not of importance.

The iodide concentration used for these calculations was the ”after” flowtube sam-

ple, which was taken at the mid-point of the measurement (the same procedure

as was used in Chapter 3). This is due to the change in iodide speciation ob-

served following ozone application, as discussed in Section 4.4.2. This measure-

ment was deemed the most representative of the average iodine speciation, and

hence iodide concentration, during the course of the experiment. To capture the

range of iodide concentrations possible during the experiment, an error in iodide

concentration of 2 times the before-after difference was applied.

Errors in estimation of γaq were also considered from three other sources; uncer-

tainty in the ozone-iodide rate coefficient, in the Henry’s law coefficient for ozone

solubility in seawater, and uncertainty in the aqueous diffusivity of ozone in sea-

water. Uncertainties in H and Daq were estimated as 10% and 25%, respectively,

by Johnson (2010). Uncertainty in the rate coefficient was taken as the aver-

age percentage error in the rate coefficients determined for each temperature in

Chapter 3; this was 15.1 %.

For the CONNECT campaign, uptake due to iodide under-estimates measured

reactivity, in both the SML and the ULW. Percent uptake due to iodide ranged

between 25.0 and 38.5 % for SML samples, while for the ULW ranged from 39.2

to 66.3 %. For the PML campaign, iodide contributed 52.2 to 137.7 % in the ULW

and 36.0 to 148.2 % in the SML. Like for the CONNECT campaign, there were

situations where γaq under-predicted γcorr, indicating the presence of other reac-

tive species. However, there were also instances where γaq over-predicted the

measured reactivity, suggesting the influence of a blocking, or dampening effect.

Few previous laboratory studies regarding this matter have been carried out.

From ozone uptake measurements over North-Sea seawater, DOC was deter-

mined to be responsible for 2.5 - 5 times as much reactivity as iodide (Shaw and
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Figure 61: Percent contribution of iodide to measured uptake. Error bars are
propagated from uncertainty in γcorr, H, Daq, the concentration of iodide and rate
coefficient between ozone and iodide.

Carpenter, 2013). Over an artificial solution of buffered (pH 8) iodide and DOM

(Suwannee River NOM), similar contributions to ozone uptake enhancement were

observed for iodide and DOM (Martino et al., 2012). One other field study has

been carried out, where ozone uptake was measured across an Atlantic cruise

following a South-North transect. Ozone uptake was measured to fresh, unfil-

tered ULW samples, and the iodide contribution to uptake subtracted from the

total ozone uptake. It was determined that iodide could explain on average 2/3 of

measured ozone uptake (Ming-Xi Yang, in prep).

The possible dampening effect acting on PML samples could be due to a layer

of non-reactive surfactants on the surface of the seawater. Previous work has

shown chemical enhancement of ozone deposition to be equal for separate solu-

tions of marine DOM and iodide, however was only 80% of their summed values

when iodide and DOM were combined in solution (Martino et al., 2012). This

dampening effect could be happening via a similar mechanism to that observed

in the PML samples.
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The higher percentage of uptake attributable to iodide in the PML sample also

supports the finding that the increase in DOI following ozone reaction was greater

for PML samples than for CONNECT samples. A greater number of reactions be-

tween ozone and iodide would have led to more reactive iodine species in the

liquid phase, leading to integration of iodide into organic matter.

A reduction in the number of ozone-iodide reactions expected for a given de-

position velocity of ozone to the ocean has implications for understanding of

emissions of iodine-containing species to the atmosphere. There remains dis-

crepancies between modelled and measured reactive iodine species, e.g IO, as

described in Pound et al. (2023). The findings in the current work demonstrate

that in a halogen-only chemical regime for ozone deposition to the ocean, iodine-

containing emissions could be over-estimated by current models.

4.7 Surface Contribution to Ozone Uptake

4.7.1 Sample Selection

Based on the high degree of missing reactivity in the CONNECT samples, and

the lack of iodide consumption in the SML observed during the ozone exposure

experiment, it is clear that there are species other than iodide which are contribut-

ing to ozone reactivity. It has previously been hypothesised that components of

DOC are a significant factor in ozone uptake.

In our analysis of surface reactivity, it was decided to focus on the CONNECT

samples, and exclude the PML samples from this analysis. This is due to un-

certainty in preservation of surface-active materials and reactivity during filtering

and prolonged frozen storage. Several arguments were considered in making this

decision, based on the work described in this thesis;

• The lower ozone uptake to PML samples compared to CONNECT samples,

despite higher fatty acid concentrations.

• The lack of difference in ozone uptake to SML compared to ULW, despite

enriched fatty acids in the PML SML samples.
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• Previous studies have demonstrated that freezing at -20 ◦C does not pre-

serve the depressed surface tension of SML samples, hence demonstrating

an alteration of the surface-active substances in the sample (Yousif Assiri,

pers. comm.).

Experiments carried out subsequent to this work have supported this conclusion.

Ozone uptake to English Channel SML and ULW samples was reduced by fil-

tering, and by prolonged storage (> 48 hours) of unfiltered samples (Charlotte

Stapleton, pers. comm.). For this type of analysis, it was therefore concluded that

ozone uptake should only be measured to fresh, unfrozen seawater samples.

Testing this hypothesis on future campaigns would be highly desirable. Despite

not being able to use PML samples for surface uptake analysis, the alteration

of ozone uptake by filtering and freezing does give us valuable information that

this type of sample treatment reduces ozone uptake. Whatever changes occur

in a seawater sample during filtration and/or freezing have an impact on ozone

uptake, therefore the sources of these changes hold information on some of the

drivers of ozone uptake, and warrant further study.

4.7.2 Quantification of Surface-Driven Uptake

It has previously been demonstrated that there is a surface component of ozone

uptake to seawater. Several experiments were performed where ozone uptake

to North Sea seawater samples were measured over a range of ozone concen-

trations in the work of Saint (2019). With ozone concentrations ranging from

approximately 10 - 200 ppb, for all seawater samples measured, the deposition

velocity increased with decreasing ozone concentration, which is characteristic of

Langmuir-Hinshelwood surface reactions.

Some authors have previously reported a second-order rate constant for the reac-

tion between ozone and the entire oceanic DOC pool (Sarwar et al., 2016; Shaw

and Carpenter, 2013). This has been done assuming an additive relationship in

reactivity, and also assuming that DOC reacts in the bulk phase. However, as dis-

cussed extensively, it is clear that in ozone uptake to seawater, reactions occur
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both in the bulk phase and on the surface of the water. The surface reaction must

be considered as a decoupled process, happening in parallel to the bulk-phase

ozone-iodide reaction. The mixed surface and bulk framework was used to as-

sess the surface contribution in this work.

To quantify the surface contribution, Eq. 14 was used. The measured diffusive

resistance (Section 2.3.7) was used in these calculations, as well as γaq described

in Section 4.6.

Estimations of αsur f = 0.3 and αaq = 0.1, were used as described in Moreno et al.

(2018), and all residual reactivity was attributed to Γsur f . Resistance due to sur-

face reactions, 1/Γsur f was calculated for the whole DOC pool, with the awareness

that the composition of the DOC pool changes spatially and temporally. ”DOC” in

this section was used to represent any species reacting on the surface. Following

this method, the calculated γsur f values for CONNECT samples ranged from 1.1

×10−6 to 5.2 ×10−6.

Several measurements were tested for correlation with surface uptake, including

unsaturated fatty acids, CDOM, Chl-a, DMS, NO2, NO3, PO4, SiO2, surface ten-

sion and water temperature. For all species except unsaturated fatty acids, no

strong correlations with surface driven uptake were found (displayed in Appendix

6.4.5).

4.7.3 Unsaturated Fatty Acids as a Driver of Surface Uptake

A strong candidate for surface reactivity in seawater is unsaturated fatty acids.

These compounds are reactive towards ozone and are commonly found on the

ocean surface. Concentrations of unsaturated fatty acids across the cruise track

were described in Section 4.4.1. To test if these compounds influence ozone

uptake to seawater, calculated γsur f was compared to the measured unsaturated

fatty acid concentration of the samples (Fig. 62). A trend was observed whereby

increasing unsaturated fatty acid concentration correlated to an increase in γsur f .

The trend was not significant to the 95 % confidence level, however this trend was

judged to be reasonably strong for such a small dataset, with several competing
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physical processes. A few potential outliers are observed (two ULW samples, and

one SML sample), therefore more data would be desirable to confirm this relation-

ship. The relationship between γsur f and unsaturated fatty acid concentration was

the stronglest relationship of all those tested (Appendix 6.4.5).

A caveat to this analysis is that filtering the seawater was required prior to ex-

traction of fatty acids into methanol, which was stored at -20 ◦C, and fatty acids

quantified by GC at a later date. Due to methodological constraints, it would not

be possible to quantify fatty acids using gas chromatography without filtering. It

was concluded that uptake was affected by filtering and freezing, however the

cause of this alteration has not yet been determined. It cannot therefore be ruled

out that the fatty acids measured and described in Weddell (2023) were altered,

compared to those present during the flow reactor uptake measurements. Wed-

dell (2023) demonstrated that for most fatty acids studied, filtering did not impact

the recovered concentration, however to our knowledge no studies exist showing

the impact of freezing on dissolved fatty acid quantification.

Figure 62: Relationship between γsur f and bulk concentration of unsaturated fatty
acids.

To determine whether combined knowledge of iodide and unsaturated fatty acid

concentrations could be used to predict ozone uptake, the kinetics of the reac-
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tion between ozone and unsaturated fatty acids were investigated. Unsaturated

fatty acids were treated as a grouped concentration, however in reality this is a

complex mix of several individual species, not all of which have been quantified in

terms of ozone reactivity. Analysis was therefore based on a model compound;

oleic acid. Oleic acid is a mono-unsaturated fatty acid, with formula C18H34O2

(Figure 36). It is the most extensively studied fatty acid in terms of ozone reac-

tivity, therefore forms the baseline of our understanding of ozone deposition to

surfaces containing unsaturated fatty acids.

Measured second order rate constants for the reaction between ozone and oleic

acid are displayed in Table 14. kO3−oleic acid values were reported on the order of

10−11 cm2 molecule s−1 by González-Labrada et al. (2007), King et al. (2009),

King et al. (2020) and Kleber et al. (2013). These were all measured to a mono-

layer of oleic acid over a liquid surface.

Based on their obtained second order rate coefficients, authors have predicted

ozone uptake due to a monolayer of oleic acid. γ ≈ 2−5×10−6 were calculated by

King et al. (2009), González-Labrada et al. (2007)and Kleber et al. (2013). While

they compare quite well to the γsur f values displayed in Figure 62, they have been

calculated using a different method, therefore may not be directly applicable. The

ozone concentration used in calculations is the concentration which has dissolved

into an organic layer. In this work, calculations were carried out on the assumption

that no solvation term for ozone is required for Langmuir-Hinshelwood surface re-

actions. Due to the presence of a solvation term, the uptake coefficients reported

in the previous literature may be an under-estimation.

The cross sectional area of oleic acid is 3.5 ×10−15 cm2 molecule−1 (Kleber

et al., 2013), therefore the theoretical maximum surface coverage of oleic acid

is 2.9× 1014 molecules cm−2; this concentration constitutes a monolayer. All of

the authors reported in Table 14 worked with monolayers of oleic acid around

this concentration. Above this concentration, a plateau in γsur f would be expected

due to saturation of reactive surface sites. The concentrations of total unsat-

urated fatty acids measured in the CONNECT SML samples were much lower
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(discussed in upcoming sections), therefore the increase in γsur f with unsaturated

fatty acid concentration could reflect the increase in reactive surface sites.
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Table 14: Reported values for kO3−oleic acid and ozone uptake due to oleic acid.

kO3−oleic acid Uptake Coefficient FA surface coverage Ozone Reference
(cm2 molecule s−1) (dimensionless) (molecules cm−3)

4.9 ×10−11 (2.6±0.1)×10−6 monolayer 7 - 615 ×1012 González-Labrada et al. (2007)
7.3 ± 0.9 ×10−11 4×10−6 monolayer 4 - 16 ×1012 King et al. (2009)
7.8 ± 0.7 ×10−11 not calculated monolayer 1.2 - 29.2 ×1012 King et al. (2020)
7.1 ± 2.8 ×10−11 4.7 ± 1.8 ×10−6 monolayer 2 - 17 ×1012 Kleber et al. (2013)
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4.8 Application of Bulk and Surface Reactions to Predict Ozone

Uptake

It was sought to estimate ozone uptake due to the combined impact of iodide and

unsaturated fatty acids, for comparison to the measured ozone uptake to CON-

NECT seawater samples. In calculation of surface resistance (Eq. 13), and hence

overall uptake (Eq. 14), several factors require assumption, or have wide reported

ranges, therefore the impact of these ranges was investigated. Firstly, [O3]gs was

calculated using the method described in Section 2.3.7.3 (Eq. 19).

Because all unsaturated fatty acids were assumed to react with ozone on the

liquid surface, the measured bulk phase concentrations, in moles per litre, were

converted to a surface-based concentration, in molecules per cm−2. To perform

this conversion, initially an assumption was made that in the flow reactor the fatty

acids were well mixed throughout the sample, and there was no surface enhance-

ment, due to the pumping and stirring. Concentration per unit area was calculated

by multiplying the volumetric concentration by the length of an oleic acid molecule,

estimated as 1.90 nm (González-Labrada et al., 2007). There is uncertainty in

this assumption because this depends on the orientation of oleic acid molecules.

The median surface concentration in the SML experiments using this method

was 3.0 ×105 molecules cm−2 (range 5.3 ×104 to 4.9 ×105 molecules cm−2). For

the ULW experiments, the median surface concentration was 9.1 ×104 molecules

cm−2 (range 1.1 ×103 to 3.1 ×105 molecules cm−2). Surface concentrations as-

suming no enrichment are termed ”homogenous” concentrations herein.

Oleic acid has a strong affinity for surfaces, therefore there was likely some

surface enhancement of unsaturated fatty acids in the flow reactor. The exact

amount of surface enrichment cannot be quantified, given the pumping and stir-

ring throughout the experiment. To estimate the maximum surface concentration

possible, the total number of molecules in the flow reactor was calculated from

the bulk concentration of unsaturated fatty acids and the known volume of liq-

uid in the flow reactor. This was divided by the liquid surface area to obtain the
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maximum surface concentration. The median surface concentration in the SML

using this method was 4.5 ×1011 molecules cm−2 (range 8.1 ×1010 to 9.7 ×1011

molecules cm−2). In the ULW, the median surface concentration was 1.2 ×1011

molecules cm−2 (range 1.6 ×109 to 6.9 ×1011 molecules cm−2), assuming com-

plete bulk/surface partitioning.

The concentrations calculated using both methods are below the surface concen-

tration which would constitute a monolayer. The large range of possible surface

concentrations of unsaturated fatty acids adds a great deal of uncertainty to these

calculations, and warrants consideration in future experiments. It is unlikely that

the surface concentration lies at either of these extremes, as while some surface

enrichment is to be expected from a surface-active compound, complete surface-

bulk partitioning is unlikely.

Assumptions were also made regarding the second order rate constant of ozone

with unsaturated fatty acids. The second order rate constant for each measured

unsaturated fatty acid was estimated by kO3−oleic acid, scaled according to the num-

ber of double bonds present. It has been demonstrated that the rate of reaction

towards ozone of dienes with non-conjugated double bonds was accurately pre-

dicted by multiplication of the rate of reaction of the corresponding monoalkene

by the number of double bonds, nFA (King et al., 1999).

This scaled second order rate coefficient was used in conjunction with the sur-

face concentration of each fatty acid to estimate its first order rate of loss. The

contribution of each unsaturated fatty acid was summed to estimate the total first

order rate of loss of ozone due to unsaturated fatty acids (Eq. 56). Application

of this assumption raised the first order rate constant for enriched fatty acid con-

centrations from a mean rate of 22.2 s−1 with no scaling, to 27.7 s−1 with scaling,

representing an average 24.8 % increase.

f irst order rate constant = ∑kO3−oleic acid ×nFA × [FA]sur f (56)

The ozone adsorption coefficient, KO3, also varies depending on the liquid sur-

face, with some previous measurements summarised in Table 15. Our predicted
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uptake coefficients were also tested for sensitivity to this parameter, with calcu-

lations performed for the mean value, with consideration of the the minimum and

maximum values, i.e. over water and over chlorophyll, as errors.

Table 15: Reported values for KO3 over pure water, aqueous organic solutions
and organic films.

1016 KO3 Condition Reference
(cm3 molecule−1)

4.67 water Mmereki and Donaldson (2003)
5.20 stearic acid film Mmereki et al. (2004)
8.47 hexanoic acid (aq) Mmereki et al. (2004)
14.7 octanoic acid (aq) Mmereki et al. (2004)
19.7 1-octanol (aq) Mmereki and Donaldson (2003)

25 chlorophyll Clifford et al. (2008)

Ozone uptake due to iodide and unsaturated fatty acids was predicted, assuming

iodide reacts in the bulk phase, and that unsaturated fatty acids react following a

Langmuir-Hinshelwood reaction, on the surface. For bulk-phase iodide concen-

trations, γaq was calculated according to Eq. 8 and 9, using the measured iodide

concentrations in the seawater samples and the kinetics measured in Chapter 3,

as described in Section 4.6.

The contribution from surface reactions was calculated according to Eq. 13. An

average literature value of kO3−oleic acid was applied of 6.8 ×10−11 cm2 molecule

s−1, calculated from the values given in Table 14. This was applied along with the

possible range of unsaturated fatty acid surface concentrations to calculate the

conductance due to surface reactions.

Predicted ozone uptake coefficients due to iodide and unsaturated fatty acids

were calculated by Eq. 14. Predicted ozone uptake coefficients for homogeneous

and well mixed fatty acids, in parallel with bulk-phase iodide, are displayed in Fig-

ure 63, and compared to the measured γcorr. The measured values fall within the

predicted values given by the homogeneous and surface enriched calculations of

surface fatty acid concentration.

For homogeneous fatty acid concentrations, Γsur f is low, therefore γcorr ≈ γaq (the

mean difference was 0.02 %). If ozone uptake is indeed partly driven by unsat-
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urated fatty acids, this therefore indicates that there must be a degree of surface

enhancement, to facilitate uptake which is competitive with the bulk-phase path-

way.

At the opposite end of the range, if total bulk/surface partitioning is assumed,

ozone uptake is vastly over-estimated in most cases, relative to the measured

γcorr. Good agreement is seen in ULW samples collected on 19/12/2021, 27/12/2021

and 01/07/2022, however the unsaturated fatty acid concentrations in these sam-

ples were extremely low (0.003, 0.002 and 0.003 µg L−1, respectively).

The uptake coefficients predicted from the surface enhanced concentrations of

unsaturated fatty acids are greater than those calculated in previous literature

regarding oleic acid oxidation (King et al., 2009; González-Labrada et al., 2007;

Kleber et al., 2013). The reason for this is that in the current work, the ozone

concentration available for reaction was calculated according to the Langmuir

isotherm. In the previous works, the ozone concentration was taken as that which

has dissolved into an organic monolayer, therefore is limited by the low solubility

of ozone. This is due to the expectation that in an unsaturated organic monolayer,

the double bond could be considered to be contained within an organic medium,

as shown by molecular dynamic simulations (Vieceli et al., 2004). It is expected

that there is not an organic monolayer on the surface of the seawater samples in

this work. A monolayer of oleic acid was characterised by a film pressure, ∆σ ,

of 20 mN/m (González-Labrada et al., 2007), while the CONNECT SML samples

had far lower ∆σ values of typically ≈ 0 to 1 mN/m, with two samples displaying

∆σ values of 4.5 to 5 mN/m. Furthermore, due to the demonstration of Langmuir-

Hinshelwood behaviour of ozone uptake to seawater samples, characterised by

the increase in ozone uptake at lower ozone concentrations (Saint, 2019), it was

decided to calculate ozone concentration by the Langmuir isotherm (Eq. 12), and

hence surface conductance by Eq. 13.

Study of the rate of reaction between ozone and oleic acid when it is not present

as a monolayer would be desirable to clarify whether this difference in approach is

appropriate. Clearly there are large discrepancies in ozone reactivity which cen-
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tre around the accessibility of the double bond, therefore more knowledge on the

specific interfacial properties of seawater are desirable for future study. If unsat-

urated fatty acids do indeed react via a Langmuir-Hinshelwood mechanism, they

have a potential for large contributions to ozone uptake, and the ozone uptake

coefficients calculated by King et al. (2009); González-Labrada et al. (2007) and

Kleber et al. (2013) may not be appropriate to apply to seawater.

The overestimation of ozone uptake under the assumption of complete surface

enhancement was not surprising. Complete partitioning of fatty acids in the flow

reactor would not be expected, due to the stirring of the sample in the flow reac-

tor, and continuous pumping in and out of the flow reactor disrupting the surface.

An upper estimate for the surface concentration of fatty acid was used in lieu of

accurate measurements of surface concentrations. To know the true surface en-

richment in the flow reactor, additional equipment would be required, for example

neutron reflection used in conjunction with deuterated fatty acid samples, as used

by King et al. (2020). Alternatively, an alteration could be made to the flow reac-

tor which would allow simultaneous measurement of ozone uptake and surface

tension. Difficulties in combining surface tension and uptake measurements arise

due to the requirement for a sealed vessel in the variable flows uptake method;

this makes the inclusion of the hanging Wilhelmy plate difficult. The large range

in possible surface concentrations calculated in this work is the largest source

of error in these estimations, therefore thorough understanding of the interfacial

properties of seawater, both in the flow reactor and in the environment, are rec-

ommended as an important future study.

It would be expected that the predicted ozone uptake due to iodide and unsat-

urated fatty acids would under-estimate γcorr. This is because there are other

organic species known to react with ozone on the surface of seawater, for exam-

ple chlorophyll (Clifford et al., 2008) and PAHs (Kwamena et al., 2004).

To assess whether our choice of KO3 impacted our predictions significantly, the

range of reported values described in Table 15 were also tested. Bars on fig-

ure 63 used a mean KO3, calculated from KO3 measured over water (4.67 ×1016)
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and KO3 measured over chlorophyll (25 ×1015). Mean KO3 was therefore 1.48

×1015. Error bars on this graph show the results of the same calculations, us-

ing the minimum (water) and maximum (chlorophyll) KO3 values. Some variation

in predictions is observed when enriched surface concentrations of unsaturated

fatty acids were used, however the uncertainty range is small compared to those

introduced by the possible range of surface concentrations.

This set-up was not initially designed for accurate quantification of surface kinet-

ics, therefore the purpose of this section is not to recommend which physical pa-

rameters should be used for estimation of ozone uptake to seawater. This work

has provided a demonstration of the potential for a combined bulk and surface

ozone uptake framework for seawater, as well as discussion of the limitations of

the current technique. With better estimations of the surface concentrations of

unsaturated fatty acids, it is believed that this framework has potential to more

accurately predict ozone uptake to seawater.
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measurement
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Figure 63: Measurements of ozone uptake to SML samples collected during the
CONNECT cruise, compared to predicted values, calculated using an average
value of kO3−oleic acid = 6.8 ×10−11 cm2 molecules s−1, where kO3−oleic acid was
scaled according to the number of double bonds in each measured unsaturated
fatty acid. ”homogenous” refers to the fatty acid concentration calculated assum-
ing no surface enhancement, while ”surface enriched” refers to the surface con-
centration assuming total surface-bulk partitioning. Mean KO3 used = 1.48 ×1015,
error bars show the results when minimum (Mmereki and Donaldson, 2003) and
maximum (Clifford et al., 2008) KO3 values were applied.

Further study of surface reactions on seawater would be a desirable next step to

understand ozone uptake to seawater. A first recommendation for further study on

ozone uptake to unsaturated fatty acids would be re-measurement of the second

order rate constant between ozone and oleic acid. This should ideally be done

over environmental concentrations of unsaturated fatty acids. Ozone-oleic acid ki-

netic measurements are typically performed on a monolayer of oleic acid to allow

pseudo-first order kinetic experiments to be performed (King et al., 2009, 2020;

González-Labrada et al., 2007; Kleber et al., 2013). In a monolayer, oleic acid

molecules are more ordered, with the double bond contained within an organic

layer (Vieceli et al., 2004) however below the monolayer-forming concentration

the molecules are more disperse and typically less ordered. This could mean the

ozone-reactive unsaturated tail could be either more or less accessible to ozone,

which would also impact ozone uptake.
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This leads into the second recommendation, which involves better characterisa-

tion of the surface concentrations of unsaturated fatty acids in the ocean and in

the flow reactor. The flow reactor method used in this work was not optimised for

surface-reactivity, therefore very large uncertainties exists regarding the impact

of pumping and stirring on the surface-bulk partitioning of fatty acids.

If a significant portion of ozone uptake to seawater can be attributed to reactions

with organic matter, this could be a source of oxidised VOCs (OVOCs) to remote

marine environments, which would alter our understanding of the chemistry of the

marine boundary layer.

4.9 Chapter Conclusion

Ozone uptake to genuine seawater samples was measured, along with comple-

mentary biogeochemical measurements, to explore the drivers of ozone uptake

to the ocean. The differences between the SML and ULW were demonstrated,

with enrichment/depletion of iodide and fatty acids of particular importance. By

analysis of the relative concentrations of selected species in the SML and ULW,

it was shown that for ozone uptake to the ocean, the SML must be sampled or

modelled. This is because the SML is chemically distinct from the bulk water,

both in terms of biogeochemistry and ozone uptake.

Historically considered one of the main drivers of ozone uptake to the ocean, io-

dide was determined to only contribute 25-66 % of ozone uptake over fresh sea-

water and 36 - 148 % of uptake over filtered and frozen samples. Measurement of

the bulk-phase iodide concentration of seawater samples during prolonged ozone

exposure showed that for the ULW sample, with a low DOC content and no mea-

surable fatty acids, iodide was depleted from the water, but the rate of depletion

was lower than anticipated, based on expectations of bulk-phase ozone-iodide

reactivity measured in Chapter 3. In the same experiment performed over SML,

there was very little depletion of bulk-phase iodide over the period of ozone expo-

sure. Both experiments indicated that there were competing ozone sinks, which

were more pronounced in the SML, and suggested that reaction with iodide might
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not be the sole driver of ozone deposition to the ocean. A candidate for the

remaining ozone uptake was identified as unsaturated fatty acids, the bulk con-

centration of which correlated reasonably well with the ”missing” reactivity, which

was attributed to surface reactions.

The samples from the CONNECT cruise were determined to be the best repre-

sentation of true SML, due to ozone uptake being measured over unfiltered and

unfrozen samples. Despite the strong depletion of iodide in the SML in these

samples, the ozone uptake was greater to SML than to ULW. This demonstrated

the importance of surface reactions, in particular of unsaturated fatty acids, which

were enriched in the SML of the CONNECT samples.

To further study the surface reactions of ozone with seawater, some alterations

to the experimental set up would have to be made, including investigation of the

impact of stirring the solution on surface-bulk partitioning. Following alterations to

the method, investigation into the rate of reaction between unsaturated fatty acids

and ozone would be required for more detailed analysis of their contribution to

ozone deposition. Ideally, this would be carried out under conditions which more

accurately represent the sea surface. This would allow further analysis of the

impact of additional surface active compounds, e.g. bromide, and other compo-

nents of the DOC pool. Despite this, a combination of knowledge of iodide and

unsaturated fatty acids was demonstrated to have potential to give an estimation

of the water-side drivers of ozone uptake to seawater.

The comparable contributions of iodide and organic materials will have implica-

tions for emissions from seawater following reaction with ozone. For the same

measured or predicted ozone deposition, the findings reported in this work would

indicate less emissions of iodine-containing species, e.g. HOI and I2, and a

greater emission of OVOCs. While this mechanism of emissions of OVOCs from

seawater would be small compared to land based sources, in remote ocean areas

this could prove a significant source of OVOCs to the pristine atmosphere.

169



Chapter 5 Conclusions

5 Conclusions

This work began with an investigation into a fundamental chemical process ex-

pected to be occurring in the sea surface. Disagreements in the literature were

addressed by re-measuring the temperature dependence of ozone-iodide kinet-

ics. The only previous measure of the temperature dependence of this rate coef-

ficient provided an unrealistic rate at high temperatures (Magi et al., 1997). To the

author’s knowledge, the investigation described in the current work was the first

comprehensive study of this rate coefficient at varied temperatures, which used

conditions applicable to the marine environment. Therefore, this work contributes

improved understanding of ozone-iodide interactions at the sea surface.

With improved knowledge of the ozone-iodide reaction, the contribution of iodide

to ozone deposition to the sea surface was quantified. It was demonstrated in this

work that, especially in the sea-surface microlayer, the process of ozone deposi-

tion is a complex process, that does not appear to be driven by iodide alone. Re-

actions of ozone with organic compounds, notably unsaturated fatty acids, were

shown to have an equal or larger contribution to ozone uptake as iodide. This has

implications for predictions of ozone deposition to the ocean, and for emissions

of oxidation products from the ocean surface to the atmosphere.

It has proven difficult to replicate the sea surface in a flow reactor, and this is

something which should be considered in future experimental design. While it

was possible to use flow reactor measurements (of the ozone-iodide second or-

der rate constant) to replicate and model emissions of HOI and I2 from a previous

flow reactor experiment (MacDonald et al., 2014), differences in turbulence and

mixing within the liquid phase in the flow reactor mean these are likely not directly

comparable to the environment. Even the low ”wind speeds” accessible within a

flow reactor introduce differences from the environment, as was discussed in the

context of iodide depletion in the SML (Pound et al., 2023). During this project it

was not possible to investigate the fate of surface active substances in the flow

reactor - assumptions were made regarding their surface enhancement, or lack
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thereof, however for future study into surface mediated reactions, this should be

more accurately quantified.

Despite this, evidence was presented that the influence of iodide on ozone uptake

to seawater may have been over-estimated in the past. The complex series of re-

actions occurring at the sea surface are not currently captured in models of ozone

deposition to the ocean. For example, in the commonly used Luhar et al. (2018)

model, only iodide reactions are used to estimate oceanic deposition velocity, due

to the uncertainty in further organic reactivity.

5.1 Future Work

It would be desirable to perform measurements on a thinner SML sample, per-

haps collected using a glass plate, and to develop a method which can measure

a more ”instantaneous”, in-situ ozone uptake, which would minimise the impact

of ozone-related chemical loss throughout the experiment. Additionally, applying

higher wind speeds and turbulence to the seawater samples would better mimic

environmental conditions, important for studying emissions following oxidation.

Measurement of the oxidation products following ozone deposition would also

give valuable insight into the dominant reactions, whether iodide-based or oth-

erwise. Concentrations of HOI and I2 by chemical ionisation mass spectrometry

(CIMS) would be an excellent next step, as well as organic emisisons (OVOCs)

by selected ion flow tube mass spectrometry (SIFT-MS).

For measurement of surface reactions, an improved understanding of the chem-

ical makeup of the air-water interface is necessary. Additionally, for experimental

work alterations to the flow reactor would be required to have a better charac-

terised surface phase for measurements.

Finally, more in-situ measurements of ozone uptake to seawater would expand

the dataset started with the CONNECT measurements, and allow investigation

of why filtering and/or freezing appeared to have a dramatic impact on ozone up-

take. All of this would be a crucial next step in accurately identifying the ”missing”,

non-iodide sources of ozone reactivity in seawater.
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6 Appendix

6.1 Chapter 2 Appendices

6.1.1 Detailed Experimental Method

This experimental method was used for kinetic studies of the ozone and iodide

reaction.

Condition the Flow Tube and Gas Lines

• Turn on ozone to high concentration (few hundred ppb) and flow through

flow tube

• Measure required volume of liquid required for experiment (buffer solution

with no iodide added) and put in large bottle in a water bath, if the experi-

ment is to be temperature controlled

• Pump blank through the flow reactor and out into the same bottle, exposing

to ozone until the measured ozone concentration is stable - at least 1 hour

Set Experimental Ozone Concentration

• Switch gas flow to bypass and turn off water pumps

• Leave until ozone concentration stabilises, indicating the bypass line is con-

ditioned (this should be slightly higher than the stable concentration over the

blank, and never lower)

• Push in the cover on the ozone generator until desired concentration is

reached, and measure for a few minutes to obtain a measure of the applied

ozone concentration

Blank Measurement

• Switch gas flow to flow tube

• Turn on water pumps, and adjust pump rate to experimental setting. The

blank will still be draining into the same bottle
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• Leave 5-10 minutes until ozone concentration stabilises

• Check experimental parameters on DAQFactory:

Steps: 1600, 1900, 2400, 3200 and 4500 SCCM

Volume increment: 10 SCCM

Time increment: 2 s

• Press “Run Step and Ramp Experiment” and let run 3 times

Spike with Iodide

• Switch gas flow to bypass and turn off water pumps

• Pipette required volume of iodide stock solution into reservoir bottle, while

stirring

• Turn on water pump, adjust to 200 RPM and let it pump through the flow

tube for at least 10 minutes to mix the reservoir with the solution remaining

in the flow tube

Iodide Measurement

• Adjust down the pump RPM to chosen experimental rate

• Put liquid waste line into a waste bottle

• Switch the gas flow to the flow tube

• Wait for ozone concentration to stabilise - 5-10 minutes

• Press “Run Step and Ramp Experiment” and let run 3 times

• Take a “before” sample for iodide from the reservoir bottle (can do this at

any point from now on) using a glass pipette, filling the vial to approximately

4.5 ml

• During the experiment, take an “after” sample by collecting the waste stream

into a vial during the third step of the second run i.e. the middle point of the

experiment. Can take more samples during other steps if useful
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Clean Up

• Turn off ozone generator and switch gas flow to bypass

• Turn off both peristaltic pumps simultaneously

• Measure the liquid volume in the flow tube. Drain the contents of the flow

tube into a large vessel by adjusting the angle of the flow tube (tilting the

flow tube to get all the liquid), then measure the volume collected

• Remove the gas inlets and outlets and replace the ends with bottle caps.

Leave stirrer bars in

• Fill and empty with hot tap water if organics are in the liquid phase

• Acid wash by pumping in 10% HCl at 200 RPM, and letting it drain into the

same bottle. Adjust the angle of the flow tube so the ports are at the top,

allowing the whole tube to fill with acid, leave it for some time (at least 15

minutes, longer if possible)

• Rotate flow tube to drain the acid out into its original bottle. Remove the cap

from the opposite gas port to allow it to drain, and replace fitting on glass

port

• Fill and empty 3 times with milliQ

• Reposition the stirrer bars using a stick, and set them stirring

• Reattach the gas inlet and outlet, switch gas flow to flow tube and use com-

pressed air to dry the flow tube overnight. Take off one of the plastic fittings

on the flow reactor to avoid over/under pressurising in case of failure at any

point in the system

For field studies, a similar method was used with some adaptations

• the blank measurement was performed in an empty flow tube, therefore the

conditioning and blank measurement steps had no liquid

• no iodide spike was performed
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• the flow rates for the smaller tube were 400, 480, 600, 900, 1200 SCCM

• a 1000 SCCM dilution was added directly after the flow tube to ensure the

gas flow met the requirements of the ozone monitor (which was approxi-

mately 1400 SCCM)

• multiple measurements were performed each day, therefore after cleaning,

the tube was dried with ozone-enriched air, therefore combining the drying

and conditioning steps to save time

6.2 Chapter 3 Appendices
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6.2.1 Physical Constants

All physical constants and the values used are outlined in Table 16

Table 16: Physical constants used in calculations.

Constant Symbol Value Unit Reference

Boltzmann constant kB 1.380649 × 10−23 m2 kg s−2 K−1

Universal gas constant R 8.3145 J mol−1 K−1

Gaseous diffusivity of ozone in air Dg,O3 0.15 ± 0.01 cm2 s−1 (Langenberg et al., 2020)
Temperature T 298 K
Tube length l 149.4 ± 0.1 cm
Tube radius r 2.02 ± 0.0203 cm
Liquid volume* liquid volume 333 ± 1 cm3

Liquid height * h 0.92 cm

* Liquid volume in the flow reactor varied day to day, average values for liquid volume and resulting liquid height are provided here for
illustrative purposes, however the measured daily volumes were used in calculations.
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6.2.2 Geometric Equations and Error Calculation

Errors were propagated using the exact formula for the propagation of error (Eq.

57)
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δa
)2
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2
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δx

δb
)2

σ
2
b +(
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)2

σ
2
c + ...+(

δx

δn
)2

σ
2
n (57)

For Eqs. 58 to 63, definitions and values for physical constants can be found in

Table 16. Flow tube volume, VFT (Eq. 58), and associated error (Eq. 59).

VFT = πr2l (58)

σVFT =
√
(2πrl ·σr)2 +(πr2 ·σl)2 (59)

Headspace volume, VH (Eq. 60), and associated error (Eq. 61).

VH =VFT − liquid volume (60)

σVH =
√

σVFT
2 +σliquid volume

2 (61)

Surface area of liquid, SA (Eq. 62), and associated error (Eq. 63).

SA = 2l
√

2rh−h2 (62)

σSA =

√
(2
√

2rh−h2 ·σl)2 +(
2lh√

2rh−h2
·σr)2 +(

2l(2r−2h)

2
√

2rh−h2
·σh)2 (63)
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6.2.3 Iodide concentrations measured by IC

Iodide concentrations before and after passing through the flow tube are outlined

in Table 17, as well as calculated rs at each iodide concentration and temperature.

Table 17: Iodide concentrations before and after passing through the flow reactor,
and associated raq measurements. ”-” denotes measurement not available.

T [I−] before [I−] after % change raq raq error
(K) (M) (M) (s cm−1) (s cm−1)

288.15 1.73×10−6 1.60×10−6 -7.4 12.05 0.45
288.15 6.14×10−7 6.35×10−7 3.4 21.69 1.36
288.15 2.37×10−7 2.39×10−7 0.7 42.81 4.99
291.15 5.29×10−6 5.14×10−6 -3.0 6.82 0.31
291.15 4.48×10−6 4.46×10−6 -0.5 6.36 0.39
291.15 1.92×10−6 1.82×10−6 -5.1 10.15 0.44
291.15 6.64×10−7 6.06×10−7 -8.7 17.58 0.76
293.15 5.81×10−7 5.76×10−7 -0.8 23.47 2.19
293.15 2.82×10−7 2.62×10−7 -7.2 39.30 7.93
293.15 4.13×10−6 3.94×10−6 -4.5 7.24 0.31
296.45 9.62×10−6 9.65×10−6 0.3 5.29 0.19
296.45 4.55×10−6 4.51×10−6 -0.9 9.16 0.43
296.45 6.34×10−7 6.38×10−7 0.5 24.57 1.89
296.45 2.27×10−7 2.05×10−7 -9.5 37.90 2.36
298.15 - 5.02×10−6 8.39 0.41
298.15 6.53×10−6 6.13×10−6 -6.0 5.70 0.29
298.15 1.73×10−6 1.64×10−6 -5.0 11.32 0.42
298.15 5.46×10−7 5.37×10−7 -1.6 24.36 1.13
298.15 8.98×10−6 9.05×10−6 0.7 4.38 0.14
301.15 9.88×10−6 9.39×10−6 -5.0 5.05 0.25
301.15 5.19×10−6 4.88×10−6 -6.0 7.51 0.41
301.15 1.90×10−6 1.78×10−6 -5.9 12.73 0.60
301.15 6.74×10−7 - 21.38 1.17
303.15 5.75×10−6 5.64×10−6 -2.0 6.32 0.33
303.15 6.33×10−7 6.38×10−7 0.7 20.70 1.07
303.15 1.82×10−7 1.65×10−7 -9.3 38.98 2.53
303.15 2.97×10−6 2.80×10−6 -5.9 10.03 0.56
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6.2.4 Model Description

This model was developed for prediction of ozone deposition to the SML and cal-

culation of subsequent emission of halogenated species. It was designed for envi-

ronmental conditions, however has been adapted and applied to lab experiments

over iodide solutions for the purpose of this work. This model was developed in

Python using Cantera as the chemistry solver (Goodwin et al., 2022). The model

presented here also uses functions from SciPy (Virtanen et al., 2020), Pandas

(pandas development team, 2020), and NumPy (Harris et al., 2020). A summary

of the model is included below, but for a complete description and characterisa-

tion of the model, see Pound et al. (2023).

In the model, ozone dry deposition velocity (vd) is calculated using the resistance-

in-series scheme (Wesely and Hicks, 1977), which calculates the flux of ozone

into the ocean surface microlayer. Airside resistances that represent turbulent

transport to the surface and transport through the quasilaminar sub-layer, which

is the air directly in contact with the surface microlayer are calculated from wind

speed, friction velocity, and the Schmidt number of ozone in air (Chang et al.,

2004). The aqueous resistance (raq) is calculated using the two-layer method of

(Luhar et al., 2018), from the dimensionless solubility, the chemical reactivity, the

diffusivity in water, the water-side friction velocity, the thickness of the reaction-

diffusion layer of the sea-surface microlayer, and modified Bessel functions of

the second kind with order zero and one respectively. vd is coupled to the SML

chemistry via I− concentration and is recalculated as the model advances towards

equilibrium.

This model focuses on the aqueous inorganic halogen chemistry in the SML, ap-

plying an extended set of inorganic iodine chemistry compared to that described

by Carpenter et al. (2013). The rate constant used for the reaction between ozone

and iodide is that which was calculated in this work. The net flux of I2and HOI

into the atmosphere is calculated from the concentration in the liquid surface and

the concentration in the atmosphere, along with the dimensionless Henry’s law

coefficient for each species, the friction velocity, drag coefficient, Schmidt number
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and von Karman constant.

This model accounts for mixing from the surface into underlying solution and fol-

lows the form of approach used by Cen-Lin and Tzung-May (2013). The first of

these (molecular transfer) is calculated from the waterside transfer velocity and

the bulk and surface concentrations of the species in question. In this model

there is the facility to account for the effects of surfactants, however we expect no

surfactant effect in this work, so this was turned off. The second process, mixing

from surface renewal, is a significantly slower process than the mixing described

above and is typically on the order of several minutes, but has been included for

completeness.

Conditions were chosen to mimic the experiments described by MacDonald et al.

(2014). The model is “buffered” to pH 8 by manually resetting H+ and OH− at

each time-step to maintain a constant pH.
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6.3 Chapter 4 Appendices

6.3.1 Sample Logs for CONNECT, PML and BLEACH Campaigns

Table 18 shows instances of sample collection and successful measurement from

the CONNECT campaign. Samples were collected jointly between Lucy Brown,

David Loades and Katherine Weddell. Iodine measurements were performed

by Matthew Jones, DOC and fatty acids were analysed by Katherine Weddell,

surface tension was measured by Yousif Assiri, and ozone uptake was measured

by Lucy Brown.
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Table 18: Summary of measurements made during the CONNECT campaign.

Date Iodine DOC Fatty Acids Surface Tension Ozone Uptake

12/12/2021 SML - CTD - -
13/12/2021 CTD, SML, UW SML, UW CTD, SML, UW SML -
14/12/2021 CTD, SML - CTD, SML, UW CTD, SML -
15/12/2021 CTD, SML, UW CTD, SML, UW CTD, SML, UW CTD, SML, UW SML
16/12/2021 CTD, SML CTD, SML SML, UW CTD, SML, UW CTD, SML
17/12/2021 CTD, SML, UW UW - CTD, SML, UW UW
18/12/2021 CTD CTD CTD, UW CTD, UW -
19/12/2021 CTD, SML, UW CTD, UW CTD, UW CTD, SML, UW CTD, UW
20/12/2021 CTD, SML, UW CTD, SML, UW CTD CTD CTD, SML, UW
21/12/2021 CTD, SML, UW SML, UW CTD, SML, UW CTD, SML, UW -
22/12/2021 CTD, SML CTD, SML CTD, SML, UW CTD CTD, SML
23/12/2021 CTD, SML, UW CTD, SML CTD, SML, UW CTD, UW SML, UW
24/12/2021 CTD, UW CTD, UW CTD, UW CTD CTD, UW
25/12/2021 CTD, SML, UW CTD, SML CTD, SML, UW CTD, UW CTD, SML
26/12/2021 CTD, SML CTD, SML CTD, SML, UW CTD, SML, UW CTD
27/12/2021 CTD, SML, UW SML, UW CTD, SML, UW CTD, SML, UW CTD, UW
28/12/2021 CTD, SML CTD, SML CTD, SML, UW CTD, SML, UW CTD*, SML
29/12/2021 UW UW UW UW UW
30/12/2021 UW UW UW UW -
31/12/2021 UW - UW - UW
01/01/2022 UW UW - UW UW
02/01/2022 UW UW UW - UW
03/01/2022 - - - - -
04/01/2022 - - - - -
05/01/2022 UW UW UW UW UW
06/01/2022 UW UW UW UW UW
07/01/2022 CTD*, SML, UW CTD, SML CTD, SML, UW CTD, SML, UW CTD, SML
08/01/2022 CTD, SML, UW CTD, SML CTD, SML, UW CTD, SML, UW CTD*, SML

* indicates day and night-time samples measured
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6.3.2 Station Locations and SML Sampling information for CONNECT and PML and BLEACH Campaigns
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Table 19: Station locations for CTD and SML samples, and summary of SML samples collected during the CONNECT campaign.

Date Time Lat (◦N) Long (◦W) method volume (L) no. of dips volume per dip (L) SML thickness (µm)

12/12/2021 Noon 24.5541 -19.56939 crane 6.1 42 0.145 369
13/12/2021 Noon 22.79538 -23.07246 crane 10.4 68 0.153 390
14/12/2021 Noon 20.95516 -26.3984 crane 7.4 42 0.176 448
15/12/2021 Noon 19.4451 -29.87004 crane 10.4 63 0.165 420
16/12/2021 Noon 17.89442 -33.28376 zodiac 11.6 52 0.223 568
17/12/2021 Noon 17.05818 -36.86342 zodiac 13.0 64 0.203 517
18/12/2021 Noon 17.12922 -40.62066 crane 1.0 6 0.167 425
19/12/2021 Noon 17.0972 -44.26722 - - - - -
20/12/2021 Noon 17.03036 -48.11434 crane 7.2 32 0.225 573
21/12/2021 Noon 19.10153 -51.20516 crane 5.1 NR NR NR
22/12/2021 Noon 21.3496 -54.21262 zodiac 11.6 NR NR NR
23/12/2021 Noon 24.15224 -56.66914 zodiac 10.4 NR NR NR
24/12/2021 Noon 27.33658 -58.45326 - - - - -
25/12/2021 Noon 30.5839 -60.25848 crane 11.9 58 0.205 522
26/12/2021 Noon 28.51868 -61.60638 crane 7.7 37 0.208 529
27/12/2021 Noon 25.3884 -63.38476 crane 10.5 64 0.164 418
28/12/2021 Midnight 23.8728 -64.4046 - - - - -
28/12/2021 Noon 22.24332 -65.54 zodiac NR NR NR NR
07/01/2022 Midnight 2.26398 -85.83312 - - - - -
07/01/2022 Noon 0.45354 -85.83284 zodiac 10.4 NR NR NR
08/01/2022 Noon -2.66638 -85.83156 zodiac 9.9 NR NR NR

NR denotes not recorded. - denotes SML sample not collected.
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6.4 Salinity Measurements

Table 20: Salinity measurements across CON-

NECT and PML campaigns.

2021-12-12 36.9 ULW CONNECT

2021-12-13 37.1 ULW CONNECT

2021-12-14 36.9 ULW CONNECT

2021-12-15 37.1 ULW CONNECT

2021-12-16 36.8 ULW CONNECT

2021-12-17 36.7 ULW CONNECT

2021-12-18 36.9 ULW CONNECT

2021-12-19 37.1 ULW CONNECT

2021-12-20 37.0 ULW CONNECT

2021-12-21 37.4 ULW CONNECT

2021-12-22 37.2 ULW CONNECT

2021-12-23 36.9 ULW CONNECT

2021-12-24 37.1 ULW CONNECT

2021-12-25 36.9 ULW CONNECT

2021-12-26 36.8 ULW CONNECT

2021-12-27 37.0 ULW CONNECT

2021-12-28 36.5 ULW CONNECT

2022-01-07 33.4 ULW CONNECT

2022-01-08 33.9 ULW CONNECT

2019-11-11 25.1 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page
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Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2019-11-11 30.6 SML PML

2019-11-18 - ULW PML

2019-11-18 28.2 SML PML

2019-11-28 26.8 ULW PML

2019-11-28 30.1 SML PML

2019-12-02 32.2 ULW PML

2019-12-02 32.6 SML PML

2019-12-17 32.4 ULW PML

2019-12-17 31.9 SML PML

2020-01-08 32.4 ULW PML

2020-01-08 32.1 SML PML

2020-01-20 32.2 ULW PML

2020-01-20 31.8 SML PML

2020-02-05 32.4 ULW PML

2020-02-05 33.3 SML PML

2020-02-27 33.1 ULW PML

2020-02-27 32.8 SML PML

2020-03-02 33.2 ULW PML

2020-03-02 32.2 SML PML

2020-03-16 32.4 ULW PML

2020-03-16 30.7 SML PML

2020-03-23 32.8 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page
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Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2020-03-23 33.4 SML PML

2020-04-27 33.8 ULW PML

2020-04-27 34.3 SML PML

2020-05-04 33.7 ULW PML

2020-05-04 34.6 SML PML

2020-05-12 34.7 ULW PML

2020-05-12 34.7 SML PML

2020-05-18 34.6 ULW PML

2020-05-18 34.4 SML PML

2020-05-27 34.4 ULW PML

2020-05-27 33.8 SML PML

2020-06-01 34.5 ULW PML

2020-06-01 34.4 SML PML

2020-06-08 35.0 ULW PML

2020-06-08 34.1 SML PML

2020-06-15 34.5 ULW PML

2020-06-15 34.2 SML PML

2020-06-23 34.6 ULW PML

2020-06-23 34.0 SML PML

2020-07-01 29.5 ULW PML

2020-07-01 34.3 SML PML

2020-07-07 34.0 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page
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Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2020-07-07 33.6 SML PML

2020-07-14 31.3 ULW PML

2020-07-14 34.0 SML PML

2020-07-20 34.4 ULW PML

2020-07-20 34.9 SML PML

2020-07-28 34.8 ULW PML

2020-07-28 34.9 SML PML

2020-08-03 34.6 ULW PML

2020-08-03 34.8 SML PML

2020-08-10 34.9 ULW PML

2020-08-10 34.6 SML PML

2020-08-17 34.5 ULW PML

2020-08-17 33.9 SML PML

2020-08-24 34.4 ULW PML

2020-08-24 34.6 SML PML

2020-09-01 34.2 ULW PML

2020-09-01 34.1 SML PML

2020-09-07 34.7 ULW PML

2020-09-07 34.8 SML PML

2020-09-14 34.5 ULW PML

2020-09-14 34.5 SML PML

2020-09-21 34.7 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page
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Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2020-09-21 34.9 SML PML

2020-09-28 34.4 ULW PML

2020-09-28 34.6 SML PML

2020-10-12 34.4 ULW PML

2020-10-12 32.4 SML PML

2020-11-04 33.3 ULW PML

2020-11-04 33.2 SML PML

2020-11-09 33.3 ULW PML

2020-11-09 25.5 SML PML

2020-11-23 33.3 ULW PML

2020-11-23 31.8 SML PML

2020-11-30 33.7 ULW PML

2020-11-30 33.3 SML PML

2020-12-07 33.4 ULW PML

2020-12-07 31.7 SML PML

2021-01-04 33.7 ULW PML

2021-01-04 33.9 SML PML

2021-01-11 33.6 ULW PML

2021-01-11 33.5 SML PML

2021-01-18 34.4 ULW PML

2021-01-18 34.5 SML PML

2021-01-25 33.0 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page
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Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2021-01-25 33.3 SML PML

2021-02-04 32.9 ULW PML

2021-02-04 32.6 SML PML

2021-02-08 33.1 ULW PML

2021-02-08 33.4 SML PML

2021-02-22 32.7 ULW PML

2021-02-22 27.9 SML PML

2021-03-02 34.4 ULW PML

2021-03-02 34.1 SML PML

2021-03-08 33.9 ULW PML

2021-03-08 34.0 SML PML

2021-03-23 34.0 ULW PML

2021-03-23 33.7 SML PML

2021-03-30 34.4 ULW PML

2021-03-30 34.6 SML PML

2021-04-06 34.4 ULW PML

2021-04-06 34.7 SML PML

2021-04-12 34.6 ULW PML

2021-04-12 35.0 SML PML

2021-04-20 34.5 ULW PML

2021-04-20 34.8 SML PML

2021-04-28 34.9 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page



Appendix

Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2021-04-28 34.9 SML PML

2021-05-05 34.9 ULW PML

2021-05-05 35.1 SML PML

2021-05-12 34.9 ULW PML

2021-05-12 34.8 SML PML

2021-05-17 34.9 ULW PML

2021-05-17 33.3 SML PML

2021-05-25 33.1 ULW PML

2021-05-25 33.1 SML PML

2021-06-02 34.1 ULW PML

2021-06-02 33.8 SML PML

2021-06-08 33.7 ULW PML

2021-06-08 34.0 SML PML

2021-06-14 34.3 ULW PML

2021-06-14 34.5 SML PML

2021-06-21 34.7 ULW PML

2021-06-21 34.6 SML PML

2021-06-28 34.9 ULW PML

2021-06-28 34.9 SML PML

2021-07-05 33.4 ULW PML

2021-07-05 33.3 SML PML

2021-07-12 34.3 ULW PML

Sample Date Salinity (psu) Type Campaign

Continued on next page
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Table 20: Salinity measurements across CON-

NECT and PML campaigns. (Continued)

2021-07-12 34.5 SML PML

2021-07-19 34.0 ULW PML

2021-07-19 34.5 SML PML

2021-07-26 34.4 ULW PML

2021-07-26 34.5 SML PML

2021-08-02 33.5 ULW PML

2021-08-02 34.4 SML PML

2021-08-10 34.2 ULW PML

2021-08-10 34.5 SML PML

2021-08-18 33.6 ULW PML

2021-08-18 34.1 SML PML

2021-08-24 34.0 ULW PML

2021-08-24 34.5 SML PML

2021-08-31 34.4 ULW PML

2021-08-31 34.8 SML PML

2021-09-06 34.5 ULW PML

2021-09-06 34.8 SML PML

2021-09-13 34.6 ULW PML

2021-09-13 34.6 SML PML

Sample Date Salinity (psu) Type Campaign
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6.4.1 Summary of Biogeochemical Measurements Across Campaigns

Table 21: Summary of DOC, fatty acid, surface tension and iodide measurements made during all campaigns.

PML DOC SML mg C l−1 0.9 3.1 1.6 1.5 0.7

ULW mg C l−1 0.6 3.4 1.5 1.5 0.6

Total Fatty Acids SML µg l−1 2.9 207 35.2 19.4 31.0

ULW µg l−1 3.1* 431 64.6 20.2 45.4

Unsaturated Fatty Acids SML µg l−1 1.0 83.2 15.3 5.6 20.8

ULW µg l−1 1.5* 34.2 11.8 6.7 8.5

Saturated Fatty Acids SML µg l−1 1.5 199 20.0 9.5 10.1

ULW µg l−1 0.4* 401 52.8 2.4 39.9

Surface Tension SML mN m−1 65.5 74.8 72.6 73.1 1.2

ULW mN m−1 71.3 75.5 73.7 73.6 0.5

Iodide SML nM 32 132 78 76 20

Campaign Measurement Type Unit Minimum Maximum Mean Median IQR

Continued on next page
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Table 21: Summary of DOC, fatty acid, surface tension and iodide measurements made during all campaigns. (Continued)

ULW nM 58 149 86 88 22

CONNECT DOC SML mg C l−1 0.7 8.9 2.7 2.0 1.7

ULW mg C l−1 1.4 2.6 1.9 1.9 0.4

Total Fatty Acids SML µg l−1 7.6* 30.1 15.1 12.7 10.9

ULW µg l−1 0.1* 50.7 8.4 3.8 7.1

Unsaturated Fatty Acids SML µg l−1 0.1* 1.2 0.8 0.7 0.2

ULW µg l−1 0.0* † 0.9 0.4 0.4 0.55

Saturated Fatty Acids SML µg l−1 6.4* 29.0 14.4 12.0 10.8

ULW µg l−1 0.1* 50.6 8.1 3.2 7.2

Surface Tension SML mN m−1 68.9 73.3 72.4 72.9 0.4

ULW mN m−1 73.2 73.7 73.5 73.4 0.4

Iodide SML nM 39 73 59 60 13

Campaign Measurement Type Unit Minimum Maximum Mean Median IQR

Continued on next page
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Table 21: Summary of DOC, fatty acid, surface tension and iodide measurements made during all campaigns. (Continued)

ULW nM 78 172 139 149 36

BLEACH Surface Tension SML mN m−1 55.0 74.9 68.6 70.2 7.4

ULW mN m−1 65.0 75.2 73.1 73.7 0.8

Iodide SML nM 50 135 99 109 65

ULW nM 64 150 115 126 43

Campaign Measurement Type Unit Minimum Maximum Mean Median IQR

* denotes some samples were below the LOQ of the analytical method, and these samples are not included in the statistical summary.

† denotes sample quantified, but rounded to 0.0 µg l−1.
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6.4.2 Iodide Concentration as a Function of Garrett Screen Mesh Exposure

This mesh exposure test was carried out by Dr Matthew Jones.

Steel mesh from the Garrett screens was cut into 2 cm x 2 cm squares, and

approximately 60 g of mesh added to 300 ml unfiltered seawater. Aliquots were

taken at regular intervals up to 20 minutes, and filtered prior to analysis by ion

chromatography. The T0 sample was collected prior to mesh addition.

No trend of diminishing iodide concentration was seen as a function of mesh

exposure time (Fig. 64. A typical contact time between seawater and the Garrett

screen was approximately 1-2 minutes. This experiment granted confidence that

the stainless steel mesh did not alter iodide speciation (Matthew Jones, in prep.).

A further experiment was carried out in which seawater was collected by Garrett

screen from a large container, and samples collected at various points during

the draining process (Fig. 65). Again, iodide depletion was not observed as a

function of time spent on the Garrett screen, indicating that the sample collection

method did not bias the results.

Figure 64: Change in iodide concentration as a function of stainless steel mesh
exposure. Experiments 1, 2 and 3 are repeats, the control experiment had no
mesh exposure. Error bars represent standard deviation of analytical replicates.
The red box highlights samples that might have been unfiltered, due to human
error.
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Figure 65: Change in iodide concentration as a function of draining time from the
Garrett screen. Error bars represent standard deviation of analytical replicates.
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6.4.3 Iodine Speciation During Ozone Exposure

Figure 66: Change in full iodine speciation during ozone exposure experiments.
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6.4.4 Calculation of Bulk Accommodation Coefficient

Using Eq. 8, information on the bulk accommodation coefficient, αaq can be ob-

tained. αaq was calculated for this work by investigating the intercept of the rela-

tionship between γcorr (corrected for gas diffusion using rdi f f , described in Section

2.3.7.3) and
√

iodide (Fig. 67). The y-intercepts obtained for each temperature

are displayed in Table 22. The intercepts, and hence αaq are scattered around

zero, however the mean value is αaq =−6.5×10−5.

Figure 67: Relationship between corrected uptake and
√

iodide.

Table 22: Intercept details for calculation of the bulk accommodation coefficient.

Temperature (K) Intercept αaq

288 -70747 −1.4×10−5

291 7626 +1.3×10−4

293 -39464 −2.5×10−5

296.3 10620 +9.4×10−5

298 -18323 −5.4×10−5

301 -3056 −3.3×10−4

303 5019 +2.0×10−4
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6.4.5 Correlations of Supplementary Measured Parameters with Surface

Uptake

Several factors were tested for correlation with the missing surface reactivity, as

displayed in Figure 68.

Mounted on the CTD rosette, CDOM was measured by a Wet Labs ECO-FLCDTRD

CDOM Sensor (data reproduced with permission of Anja Engel, GEOMAR), Chl-

a was measured by fluorescence (Wet Labs ECO-AFL/FL), and salinity by SBE

4C, and water temperature was measured by a SBE 3plus (Rosa et al., 2024).

From discrete CTD samples, nitrite, nitrate, phosphate and silicate were mea-

sured by SEAL Quattro autoanalyser (data reporduced with permission of Birgit

Quack, GEOMAR, PI of the CONNECT cruise). DMS was measured by GC-FPD

(reproduced with permission of Christa Marandino, GEOMAR). Surface tension

was measured by an EZ-pi tensiometer by Yousif Assiri.
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Figure 68: Correlations of tested factors against surface uptake.
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