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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 mm (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 de�ned, depending on the sam-

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

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 ef�cient 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; Ga�sparović 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 (Ga�sparović

et al., 2007).

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

2009; Ga�sparović 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 �ndings 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 pro�le 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 mg 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 mg m� 3 (50 ppb), then 70 mg 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� $26billion (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 in�ux 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 in�uxes 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

25



Chapter 1 Introduction

Figure 3: Simpli�ed 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 + hn ! NO+ O(3P)( l � 400nm) (R3)

O2 + O(3P)+ M ! O3 + M (R4)

Ozone can be photolysed to the hydroxyl radical, OH.

O3 + hn ! O(1D)+ O2 (l � 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 ef�cient

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 signi�cant 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 signi�cant 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 �ux of ozone (mean of 361 Tg (O 3)

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 �xed 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 �ux 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 �ux of ozone, where
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a positive �ux indicates deposition. The bene�t 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 Paci�c Lenschow et al. (1982)
0.015 - 0.037 Aircraft EC Eastern North Paci�c 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 identi�ed

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 quanti�ed, nor is the identity or signi�cance 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 �ndings 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

de�ned as the net �ux 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 quanti�cation of

the speed of deposition to a surface.

Another way of quantifying deposition to a surface is the uptake coef�cient, g. This

dimensionless coef�cient 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, w (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)
=

w
4

g =
1

rtot
(1)

number o f gas� sur f ace collisions=
[X](g)w

4
(2)
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w =

r
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-

�es 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 in�uenced by factors such as wind speed and aerodynamic roughness (Chang

et al., 2004), and rb is in�uenced 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 signi�cance 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

(Gx), 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
w

1
Gx

(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
g

=
1

Gdi f f
+

1
aaq

+
1

Gsat
(7)

aaq is the mass accommodation coef�cient, the probability that a molecule that

strikes the liquid surface will enter the bulk liquid phase. 1/Gsat 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/Gsat 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 aaq, the conductance associated with bulk phase

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

phase-only reaction is shown in Eq. 8.

1
gaq

=
1

aaq
+

1
Gaq

(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 coef�cient, H, the concentration of species i, [i], and

the aqueous diffusivity of ozone, Daq.

raq =
H

p
Daqå 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, Gsur f, and the surface accommodation coef�cient, asur f, the

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

Eq. 11, describes how aaq is related to asur 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). aaq is inherently lower than asur f, due to the

possibility of desolvation.

1
gsur f

=
1

asur f
+

1
Gsur f

(10)

1
aaq

=
1

asur f
+

1
asur 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/s , where s 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 quanti�ed as the adsorption equilibrium coef�cient

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)

s (1+ KO3[O3](gs))
(12)
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1
Gsur f

=
w
4

s (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 (�g. 5d).

1
g

=
1

Gdi f f
+

1
asur f

+
1

1
kd

asur fksol
+ 1

Gaq

+ Gsur 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 quanti�ed, 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 suf�cient 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 speci�c chemical reactions under investigation are given in

chapter-speci�c introductions.

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

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

to �eld 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 �ow reactor, with a movable injector, was adapted to an

improved variable �ows method. In this method, the �ow 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

�ow 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 �ow reactors (Shaw and Car-

penter, 2013).

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

brating ori�ce 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 �ow 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 �ows 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 �ow reactor was chosen, for its comparability to
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gas deposition over the sea surface. Previous studies using heterogeneous �ow

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

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

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

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

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

inar �ow is a gas �ow 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. r is the �uid density (of air), Q is the gaseous �ow speed, L is the

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

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

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

the liquid surface.

Re=
r QL

m
(15)

Also required from the �ow reactor was the ability to replenish the liquid phase

and temperature control the �ow 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 �ow of gas in a �ow reactor. b)
turbulent �ow of gas in a �ow reactor. c) turbulent �ow of gas in a round �ask.

2.3 Flow Reactor Development

2.3.1 Ozone Generation and Quanti�cation

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)
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Ozone was quanti�ed by a Thermo 49i UV ozone monitor (speci�cations provided

in Table 2), with quanti�cation via UV absorption at 254 nm. O 3 is quanti�ed 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 coef�cient of O 3, 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 speci�cations. Precision, zero noise and lower detectable
limit are manufacturer provided (Scienti�c, 2007). Data acquisition period was
user-de�ned.

Characteristic Speci�cation

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 �ow 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 �ow 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 �ow tube was suitable

as it allowed a large range of reaction times. For �eld 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 �ow was necessary. For all subse-

quent seawater measurements performed in the lab, the smaller �ow reactor was

used for comparability to �eld 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
�ow rate range (SCCM) 1200-4500 400-1200
reaction times (s) 19.8-65.0 14.1-77.0

The smaller �ow 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

SAis 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 �lled 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

�ow reactor volume (3000 cm 3 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 �ow 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 �ow 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 �ow 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 �ow 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 �owed through the �ow 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 �ow 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 �ex-

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 �nal dimensions of the manufactured �ow re-

actor are given in Table 3.

2.3.3 The Movable Injector Method

The �rst 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 �ow tube (1.5 m, 4 cm I.D.). There was a constant

�ow 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 �ow 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 �ow. A laminar �ow was sought

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

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

2000).

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

the set up in Fig. 10.

Figure 9: Schematic of movable injector method
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