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Abstract

The work presented in this thesis utilises the HIRAC chamber for the development and
characterisation of instrumentation for measurements of OH and HO- radicals, and OH
reactivity. This instrumentation is implemented, alongside other standard measurements,
following oxidation of processes of butanol, a potential biofuel, focussing on OH
reactivity and ozone formation. Results from further development of calibration methods
for determining the sensitivity of a FAGE instrument are presented. Monte Carlo error
propagations were used to assess sources of error associated with the N>O actinometry
method for the determination of Fi84.9 nm, Where the variation in the measured [NO] was
shown to have the most significant influence (46.1 — 99.1%) on the determined value of
Fig849 nm. An alternative calibration method, utilising the HIRAC chamber, for
determining the sensitivity of the HO; cell, Choz, of a FAGE instrument as a function of
temperature is reported to be ACnoxmmrac) = (0.34 £ 0.19)% K!, in good agreement with
previous reported HO> cell sensitivity following the conventional “wand” calibration
method. Development and characterisation of a LFP-LIF instrument OH reactivity
measurements (k on) is described, with improved measurements for values of k on up to
~150 s!. The first measurements sampling from the HIRAC chamber are shown to be
successful, demonstrated by excellent agreement of ky-butanot + on ((8.21 £ 0.37) x 10712
cm® molecule! s!) with the IUPAC recommended value. Anonymised results from an
OH reactivity instrument intercomparison at the SAPHIR chamber, are presented. The
Leeds LFP-LIF instrument showed good agreement with calculated OH reactivity, where
a correlation of 1.032 was observed. Relative rate studies into the temperature dependent
rate coefficients of n-butanol and iso-butanol with Cl atoms are presented, Arrhenius
expressions describing the temperature dependencies being kci + n-butanol = 1.01 x 1071
exp((235 + 34) / T) cm?® molecule™ s over 266 — 343 K and kci + iso-butanol = 5.53 x 1071°
exp((367 £ 76) / T) cm> molecule™ s over 296 — 344 K. Studies following the OH radical
and Cl atom initiated oxidation processes of iso-butanol and iso-butane are presented;
ozone formation is observed to be considerably greater for CI atom initiated processes
and greater for iso-butane as compared to iso-butanol. The first OH reactivity
measurements following relatively complex reaction systems are presented, with time

profiles showing good agreement between measured and calculated OH reactivities.
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Chapter 1. Introduction

1.1 Tropospheric Chemistry

The study of atmospheric chemistry is vital for our understanding of the chemical
processes occurring in the troposphere. A comprehensive review of all aspects of
atmospheric chemistry is far beyond the scope of this work. With the need for renewable
energy sources becoming more apparent as energy usage increases and fossil fuel
resources are rapidly declining; this thesis focusses on the development of
instrumentation for atmospheric measurements and their implementation for studying the
atmospheric oxidation of potential biofuels. This chapter will give an introduction to the
relevant tropospheric chemistry of such compounds; a detailed review is given into the
current literature on the tropospheric kinetics and oxidation processes of the isomers of
butanol (as potential biofuel compounds). A review of the methods for two major types
of atmospheric measurements used in this thesis is given, with a comparison of the

advantages and disadvantages of both.

Chemical reactions of volatile organic compounds (VOCs) in the troposphere can result
in the formation of particles and ozone, both of which are air pollutants that are toxic to
human health and can affect the climate (Ellingsen et al. 2008). Ambient air pollution
was shown to be the cause of three million premature deaths in 2012 (WHO 2016). The
study of atmospheric chemistry is typically split into three main areas: laboratory studies,
field measurements and computer modelling. Laboratory studies include small scale
kinetic measurements to determine rate coefficients of tropospherically relevant reactions
as well as more complex studies carried out in atmospheric simulation chambers to
investigate the detailed chemical mechanisms of individual reaction schemes.
Information determined through kinetic studies is used in the modelling and analysis of
both field based and chamber based measurements. Comparisons between modelling
studies and field or chamber measurements allow for our current understanding of
chemical mechanisms to be probed; where our understanding is lacking, further

laboratory studies can be implemented.

The atmosphere is made up of four layers defined by their vertical variations in
temperature and pressure; the troposphere, stratosphere, mesosphere and thermosphere.

1
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The troposphere is the lowest layer of the atmosphere, the first ~10 km of the atmosphere
and the boundary layer is the lower most ~1 km of the troposphere. The majority of the
mass of the atmosphere is found in the troposphere (~90%) and hence most of the reactive
trace species, which play a vital role in atmospheric chemistry. Ozone is an important
constituent of the atmosphere for a number of reasons; the ozone layer in the stratosphere
absorbs UV light (A <290 nm) from the sun, protecting us from its adverse effects. In the
troposphere, ozone is toxic to humans, wildlife and crops (Felzer et al. 2007, Ellingsen et
al. 2008, Monks 2009). Tropospheric ozone formation is highly dependent on the
presence of nitrogen oxides (NOx = NO and NO;) and VOCs. Work in this thesis looks
at ozone formation following the oxidation of a potential biofuel (iso-butanol) under
varying tropospherically relevant NOx conditions. The hydroxyl radical (OH) is the most
abundant oxidising agent in the troposphere, with an average day time concentration of
~10% molecule cm™ (Stone et al. 2012). In the troposphere, the chemistry of OH radicals
is closely related to that of the hydroperoxy radicals (HOz), collectively referred to as
HOx (= OH + HOy). Section 1.2 will discuss in detail the tropospheric oxidation of VOC:s,
focusing on the importance of NOx concentrations and ozone formation. Measurements
of OH reactivity (the pseudo first order loss rate of OH, k ou) allow for better insights into
the oxidation capacity of the troposphere. The potential for the removal of VOCs in the
troposphere is vitally important for our understanding of chemical mechanisms and to
allow for predictions of climate to be made. High concentrations of NOx in urban

environments are typically mirrored by high concentrations of ozone.

Chlorine atom chemistry can also have an important influence on the chemical reactions
occurring in the troposphere and has been seen to have a particular impact on the
formation of tropospheric ozone (Simpson et al. 2015). The importance of chlorine atom
chemistry will be outlined in Section 1.4, and its close connections with tropospheric HOx

and NOx chemistry.

Details of the development of a laser induced fluorescence (LIF) instrument for the
measurement of HOx within the Highly Instrumented Reactor for Atmospheric Chemistry
(HIRAC) chamber are given in Chapter 3, focusing on the development of calibration
techniques. Development and characterisation of a laser flash photolysis coupled with
laser induced fluorescence (LFP-LIF) instrument for measurement of OH reactivity from
the HIRAC chamber are discussed in Chapter 4. This instrument was deployed for an
instrument intercomparison at the Simulation of Atmospheric Photochemistry In a large

Reaction (SAPHIR) chamber in October 2015, and some of the results from this study
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are described in Chapter 5. A kinetic study of the temperature dependent rate coefficients
with Cl atoms of two potential biofuels (iso-butanol and n-butanol) is given in Chapter 6.
A detailed product study, of the oxidation of iso-butanol under varying NOx conditions is
given in Chapter 7, including comparisons on the formation of ozone with the analogous
alkane, iso-butane. The first measurements of OH reactivity from the HIRAC chamber
following the relatively complex oxidation processes of iso-butanol and iso-butane are
discussed in Chapter 8, with comparisons being made between measured and calculated

OH reactivity.

1.2 Tropospheric VOC Oxidation

The chemistry of OH and HO» radicals are closely coupled; Figure 1-1 shows a simplified
schematic of the HOy radical related chemical reactions occurring in the troposphere. The
very short lifetimes of OH and HO» radicals (~1 s and ~100 s, respectively), due to their
high reactivity towards VOCs, lead to them having low concentrations in the troposphere
(Heard and Pilling 2003). Such low concentrations require the use of extremely sensitive
and selective detection techniques (Heard and Pilling 2003). Three main techniques have
been developed for the measurement of OH and HO» radical concentrations; differential
optical absorption spectroscopy (DOAS), chemical ionisation mass spectrometry (CIMS)

and laser induced fluorescence (LIF), and will be discussed in Section 1.7.



Chapter 1 4 Introduction

O(P) —25» 0O,

i HONO
v

0,/N o(D)

NO, HNO,
No,

ROOH

/\ v
OH
o,
RH
HO,
RO2 H 2 _> H202
NO,
NO
RO.NO NO. hv\OH
2 2 02
RO RO RCHO

Figure 1-1: Simplified diagram of the HOx cycle.

OH radicals react with VOCs in the troposphere, which can follow a number of pathways
to termination or radical recycling. The majority of OH radicals are formed in the
troposphere through the photolysis of O3 to produce O('D), which subsequently reacts
with water vapour present in the air to produce two OH radicals (R 1-1 and R 1-2).
Collisional quenching of O(!D) can also occur with O or N> to the ground state, O(°P),
(R 1-3) which, in the presence of O will regenerate O3 (R 1-4), as shown in Figure 1-1.

03 + hv<s40nm — O('D) + O R 1-1
O('D) + H,O0 — 20H R 1-2
o('D)+M — OCP) + M R 1-3
OCP) + 02 — O3 R 1-4

Many reactions can occur with OH radicals, including the reaction with VOCs (RH in
Figure 1-1) to produce RO> radicals in the presence of O, reaction with CO or O3 to
produce HO; radicals, reaction with NO to produce HONO and the reaction with NO» to
produce HNOs (R 1-5 to R 1-9).
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OH + RH + Oz — RO; + H20 R 1-5
OH + O3 — HO; + Oz R 1-6
OH + CO + O — HO; + CO2 R 1-7
OH + NO — HONO R 1-8
OH + NO2 — HNOs3 R 1-9

Under environments with high NOx concentrations, such as urban areas where
[NO]=1 - 100 ppbv, RO, radicals react with NO to produce RO radicals and NO>
(R 1-10). RO radicals subsequently form HO> and RCHO in the presence of O in the
troposphere. The HO> radicals formed through R 1-11 can also react with NO present in
high NOy environments to regenerate OH radicals (R 1-12).

ROz + NO — RO + NO» R 1-10
RO + O — HO; + RCHO R 1-11
HO; + NO — OH + NO2 R 1-12

The NO> formed through R 1-10 and R 1-12 is photolysed (A > 398 nm) to produce O(*P)
which can subsequently react with Oz to form ozone; this is the only known pathway for

the formation of O3 in the troposphere (R 1-13 and R 1-14).
NO> + hvg>398nm — OCP) + NO R 1-13
OCP) + 02 — O3 R 1-14

Under environments with low NOx concentrations ([NO] < 1 ppbv), such as remote
forested areas, RO> radicals are lost through reaction with other RO; radicals or HO»
radicals. The HO; radicals formed under low NOx environments by R 1-11 react in the

self-reaction, R 1-17, to produce H>Ox.

RO, + RO — 2RO + O R 1-15
RO; + HO; — ROOH + O3 R 1-16
HO; + HO, — H;Oz + Oy R 1-17

OH radicals can also be formed in the troposphere via a number of reactions other than
that described by R 1-1 and R 1-2. The photolysis of HONO, H>0;, ROOH and HOX
(X = Cl, Br, I) all produce OH radicals, R 1-18 to R 1-21 in the troposphere. The
importance of chlorine atom chemistry in the troposphere will be discussed in more detail

in Section 1.3.
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HONO + Avi90nm<ar<400nm) — OH + NO R 1-18
HO> + hv — 20H R 1-19
ROOH + hv — OH + RO R 1-20
HOX + hv — OH + X R 1-21

Figure 1-2 shows the formation of ozone in the troposphere through the reactions of NOx
with peroxy radicals. As mentioned previously, the reaction of O(*P) with O; is the only
known pathway for the formation of ozone in the troposphere. It is therefore crucial to
fully understand the oxidation mechanisms of VOCs in the troposphere under

tropospherically relevant NOy conditions.

O(°P) NO
()2 hv H02 RO, 03
\ \
03 N02

Figure 1-2: Production of ozone through the reaction of NOx with peroxy radicals, as occurs in
the troposphere.

The relationship between [NOx], [VOC] and ozone production is typically illustrated with
an ozone isopleth, an example of which is shown in Figure 1-3, where the coloured
contour lines represent the peak ozone concentration. A NOy limited regime refers to an
environment with relatively low NOx concentration. A small increase in [NOx] would
lead to increased peak ozone formation, however, an increase in [VOC] would only move
along the same peak ozone concentration isopleth contour. A VOC limited regime refers
to an environment where an increase in [VOC] would lead to an increase in peak ozone

concentration, but an increase in [NOx] would not result in any change.
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Figure 1-3: Ozone isopleth, adapted from Edwards et al. (2014).
Identifying the type of a regime in a specific environment using ozone isopleths, such as
that in Figure 1-3 assists in determining the best protocols for controlling ozone; whether

it is most appropriate to reduce NOx concentrations of VOC concentrations.

1.3 Photochemical Ozone Creation Potentials

The reactivity of organic compounds and their production of ozone have been
characterised by the use of atmospheric simulation chambers, as well as in estimations
with the use of computer models (Carter and Atkinson 1987, Carter and Atkinson 1989).
Photochemical ozone creation potentials (POCPs) are used as an indication of the quantity
of ozone produced for a specific hydrocarbon, relative to that of ethene (= 100%).

Derwent et al. (1996) defined the equation Eq. 1-1 for the calculation of POCP values.

ozone increment with the i hydrocarbon
POCP; = , _ x 100 Eq. 1-1
ozone increment with ethene

It has been demonstrated that the method of calculation and the chemical environment in
which the measurements are taken have an important effect on the relative values of
POCPs (Carter and Atkinson 1989, Andersson-Skold ef al. 1992). Despite this, a general
agreement in the ranking of VOCs by their POCP values is observed across the different
calculation methods described in the literature. Hundreds of organic compounds are
emitted into the atmosphere from a variety of both anthropogenic and biogenic sources.
POCP values of a number of different emission sources show that values obtained from

road transport exhaust emissions give some of the largest values; Derwent et al. (2007)
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found road transport exhaust emissions and petrol evaporation emissions to have the
highest POCP values (69 and 50, respectively) from a total of 248 different source

categories investigated.

The Maximum Incremental Reactivity (MIR) scale was developed for use in urban areas
with high NOx emissions (Carter 1994). The time scale of up to one day is useful for
values in such environments, however, in Europe, longer term exposure is of greater
interest and importance due to increased influence on climate from long range
transportation of emissions. The UK POCP scale, initially developed by Derwent and
co-workers, ranks the ability of VOCs to form ozone over longer time scales, typically

up to ~5 days (Derwent and Jenkin 1991, Derwent ef al. 1998).

To better calculate POCP values and predict the effects of alternative fuels on the
atmosphere, further research is required to produce better inventories characterising
emissions covering a wide range of fuels and engine types. As POCPs are trajectory
calculations, calculated for an air mass over a specified timescale (typically about five
days), in depth knowledge of weather conditions, atmospheric components and reactions,
and biological and anthropogenic emissions is vital. POCP values determined by Derwent
et al. (1998) are compared to MIR values in Table 1-1 for selected VOCs relevant to the

work in this thesis.

A number of comparison studies (Derwent et al. 1998, Derwent et al. 2001) have been
conducted in the literature into the different methods for determining the ozone formation
potentials using different methods for a range of environments (POCP and MIR values),
in some cases showing a non-linear relationship between the values determined by
different methods. Figure 1-4 and Figure 1-5 show the comparisons between MIR and

POCP values determined under European and North American conditions, respectively.
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Compound POCP | MIR Compound POCP | MIR
Methane 0.6 0.014 n-butanol 61.2 2.76
Ethane” 12.3 0.26 iso-butanol 37.5 241
Propane” 17.6 0.46 sec-butanol 40.0 1.30
n-butane” 35.2 1.08 tert-butanol 12.3 0.39
iso-butane” 30.7 1.34 3-pentanol 42.2 1.56
n-pentane” 39.5 1.23 Acetylene” 8.5 0.93
iso-pentane” 40.5 1.36 1,3-butadiene” 85.1 12.21
n-octane” 45.3 0.82 Pent-1-ene” 97.7 6.97
Ethene” 100.0 8.76 Trans-2-pentene” 111.7 10.25
Propene” 112.3 11.37 Isoprene 109.2 10.28
But-1-ene 107.9 9.42 n-hexane” 48.2 1.15
cis-but-2-ene’ 114.6 13.89 2-methylpentane” 42.0 1.14
trans-but-2-ene” 113.2 14.79 n-heptane” 49.4 0.99
Formaldehyde® 51.9 9.24 Benzene” 21.8 0.69
Acetaldehyde 64.1 6.34 Toluene” 63.7 3.88
Propanal 79.8 6.83 Ethylbenzene 73.0 2.93
Butyraldehyde 79.5 5.75 m-xylene” 110.8 9.52
iso-butyraldehyde 51.4 5.05 p-xylene” 101.0 5.69
Pentanal 76.5 4.89 o-xylene® 105.3 7.44
Acetone 94 0.35 1,2,4-trimethylbenzene 127.8 8.64
Methanol 13.1 0.65 1,2,3-trimethylbenzene 126.7 11.66
Ethanol 38.6 1.45 1,3,5-trimethlybenzene 138.1 11.44
n-propanol 54.3 2.38 2,2 4-trimethylpentane - 1.20
iso-propanol 14.0 0.59

Table 1-1: Summary of POCP and MIR values for some key VOCs as reported by Derwent et al.
(1998) and Carter (2009), respectively. “ozone precursor compounds recommended for
measurement by EU environmental law (European Parliament and Council of the European
Union 2008).
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Figure 1-4: Comparison between MIR values determined for North American conditions and
POCP values determined for European conditions, reproduced from Derwent ef al. (1998).

The comparison shown in Figure 1-4 clearly shows a non-linear relationship between the
MIR and POCP values, whereas that shown in Figure 1-5 gives a linear relationship
between the two sets of values. For both scenarios, the comparisons show that for both
MIR and POCP values, alkanes result in relatively low ozone production, with alkanes
and aromatics showing increased ozone formation. The distinct non-linear relationship
between the MIR and POCP values shown in Figure 1-4 is indicative of the differences
in the conditions employed in the determination of ozone formation by each method; the
detemination of the POCP values are more depeendent on long range transport than the
determination of MIR values. Derwent et al. (2001) observed differences in rankings of
MIR and POCP values dependent on the conditions used in their determination; noting
stark differences in the values for formaldehyde. These differences are attributed to the
fate of formaldehyde being highly dependent on the competition between photolysis and
oxidation by OH radicals. The comparisons shown in Figure 1-4 and Figure 1-5
demonstrate the importance of the inclusion of relevant environmental factors when

determining the potential for ozone production.
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Figure 1-5: Comparison between MIR and POCP values determined for North American
conditions, reproduced from Derwent et al. (2001).

Tropospheric ozone formation is closely related to the concentrations of VOCs and NO

in the troposphere. Ozone formation can be calculated, using:

P(05) = kito,+no[HO,JINO] + ) k;[RO,][NO] Eq 12

where P(O3) is the ozone production rate, kno2 + No can be taken from the literature and

[HO2] and [NO] are measured.

An instrument for the measurement of ozone production in the atmosphere has been
developed by Cazorla and Brune (2010); the measurement of ozone production sensor
(MOPS). A schematic diagram of the instrument developed by Cazorla and Brune (2010)

is shown in Figure 1-6.
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Figure 1-6: Schematic diagram of the MOPS instrument for the measurement of ozone production
in the atmosphere, reproduced from Cazorla and Brune (2010).

In the MOPS instrument, ambient air is drawn in to two chambers (11.3 1 volume each).
The sample chamber is exposed to sunlight allowing for any species present in the air to
be processed as they would be in the atmosphere. The reference chamber is covered by a
film to prevent its contents from being exposed to UV radiation (A < 400 nm) from the
sun which would lead to the formation of ozone; still allowing for dark processing of the
contents of the chamber to occur. The aim is to measure the difference in the sum of NO-
and O3 between the sample chamber and the reference chamber; this is done through the
measurement of ozone following the conversion of any NO; present in the air sample

leaving the two chambers into O3. The production of ozone is described by:
P(03) = AO3/1 Eq. 1-3

where P(O3) is the ozone production rate, AOs3 is the difference in the sum of NO> and
O3, as measured by the ozone detector following the conversion of NO to O3, between
the two chambers, and 7 is the exposure time in the chambers. Cazorla and Brune (2010)
have described characterisation of the instrument with respect to the exposure time,
radical concentrations and photolysis frequencies within the chambers, and the
conversion efficiency of NO> to Os. Preliminary measurements taken at the Pennsylvania
State University, US are also reported, indicating that the MOPS instrument for the
measurement of ozone production rates in the atmosphere works well. Two studies have
since been carried out using MOPS instruments; one measuring the ozone production in
Houston in 2009 with the original MOPS instrument, and a second, also measuring in
Houston in 2013, with a second version of the MOPS instrument (Cazorla et al. 2012,

Baier et al. 2015). Measurements from 2013 showed good agreement with both
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measurements and calculations of ozone production rates from two previous
measurement field campaigns (Chen ef al. 2010, Cazorla et al. 2012). A bias due to the
production of HONO and its subsequent photolysis in the sample chamber was observed
for both versions of the MOPS instrument, and further characterisation of the instrument

is required in order to reduce this bias (Baier et al. 2015).

1.4 Chlorine Chemistry

While the OH radical is the most abundant oxidising agent in the troposphere, chlorine
has been shown to play an important role in the oxidation of VOCs, with significant
impact on tropospheric ozone formation under certain conditions (Simpson ef al. 2015).
The role of chlorine in the troposphere has shown increased interest over the last few
decades, with many reviews detailing laboratory based studies and field measurements of
chlorine containing species (Monks 2005, Saiz-Lopez and von Glasow 2012, Simpson et

al. 2015).

There are a number of sources of reactive chlorine species in the troposphere; primarily
originating from the marine boundary layer (MBL) (Lawler ef al. 2009, Lawler et al.
2011). Reactive chlorine species are known to be produced in a wide range of
environments; open ocean sources, coastal regions, emissions from volcanoes, salt lakes
and lake beds and heterogeneous chemistry. As the work in this thesis investigates the
oxidation processes of biofuels and related compounds, the presence of reactive chlorine

species in polluted environments (i.e. high NOx environments) will be discussed.

A review by Simpson et al. (2015) discusses the cycling and activation of halogens in
polluted environments; focussing on the oxidation of VOCs and tropospheric ozone
production. Activation of reactive chlorine species leads to the formation of chlorine
atoms, which subsequently react with VOCs in the atmosphere. One such route leading
to the production of Cl atoms, particularly of importance in NOx environments, is via the

night time formation of CINO; (Simpson et al. 2015).
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NO + O3 — NOz2 + O R 1-22
NO; + O3 — NO3 + O2 R 1-23
NO; + NO2 < N2Os R 1-24
N2Os + Clhety — CINO2 + NO3 (het) R 1-25
CINO2 + hv — Cl + NO» R 1-26

The formation of CINO; described by R 1-22 to R 1-26 is now considered to be the major
source of reactive chlorine in polluted environments. There are no known night time sinks
of CINO2, and thus it can be transported long distances (Saiz-Lopez and von Glasow
2012). CINO; will be photolysed by the morning sunlight (R 1-26) to produce CI atoms,
which can subsequently oxidise VOCs present in the troposphere. In the presence of NOx,
the peroxy radicals formed in the oxidation of VOCs go on to produce ozone. The
understanding of NOy cycling from CINO: in the troposphere is crucial, particularly in
high NOy polluted environments, for establishing protocols to reduce the production of

ozone in the troposphere.

CINO2 has been measured in a number of different regions across the globe;
measurements at a mountain top in Hong Kong showed that CINO: could potentially
enhance ozone production by 5 — 16% at the peak ozone (Wang et al. 2016).
Measurements of CINO» have been reported by Bannan ef al. (2015) during the ClearfLo
field campaign in London in 2012. The authors reported, from modelling studies, that
when the Cl atom concentration was at its highest, Cl atoms were the dominant oxidising
agent for alkanes. Modelling studies by Riedel (2014) and Sarwar et al. (2014) both
showed an enhancement in ozone formation when CINO; was included as a source of Cl
atoms, with Sarwar et al. (2014) reporting more significant enhancement in winter ozone
production than summer ozone production. All of these studies highlight the importance
of the inclusion of Cl atom chemistry in assessing the oxidation capacity of the

troposphere and its influence on the tropospheric production of ozone.

1.5 Biofuels

A number of recent reviews discuss the current level of research into biofuel production,
combustion and the atmospheric implications of the use of such fuels in vehicle engines
(Kohse-Hoinghaus et al. 2010, Naik ef al. 2010, Westbrook 2013). Two main types of
combustion engine exist; spark ignition (SI) petrol engines and compression ignition

diesel engines. The work in this thesis is based on the chemistry of butanol in the
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troposphere, which has shown potential for its use as an alternative fuel to petrol in SI
vehicle engines. Details of the different types of combustion engines will not be given as
this is not specifically relevant to the work in this thesis. A brief discussion is given here
on the main types of biofuels currently used in vehicle engines, with a more detailed

discussion focussing on the production and use of alcohols.

Research has shown that, in most cases, the combustion of biofuels, such as ethanol and
methanol, in vehicle engines results in a reduced amount of regulated pollutants being
emitted into the atmosphere (Kohse-Hoinghaus et al. 2010, Wen et al. 2010). It is,
however, known that biofuels can also lead to an increase in unregulated emissions such
as carbonyl compounds (Cardone ef al. 2002, Fontaras et al. 2009, He et al. 2009, Lin et
al. 2009, Chai et al. 2013). Despite this, Chai et al. (2013), and references therein, note
discrepancies between results into research of biodiesel from a number of sources; some
studies showing an increase while others showing a decrease in carbonyl emissions. Due
to the low number of investigations reported to date, it was concluded that these
differences reported in the results most likely arise from the variety of operating

conditions employed for the studies.

Biofuels are of great importance for the replacement of traditional fossil fuels. Methanol
and ethanol are the most widely used alcohol based fuels, with much interest recently
being seen in the potential use of higher alcohols of butanol and propanol (Ratcliff ez al.
2013, Sarathy et al. 2014, Rajesh Kumar and Saravanan 2016). Single component
alcohols fuels such as these have fewer problems associated with the characterisation and
quantification of their combustion products as compared to the complex mixture of
compounds that make up traditional fossil fuels. Typically alcohols replace petrol based

vehicle fuels and fatty acid esters replace diesel based vehicle fuels.

Legislation states that by 2020, for all member states of the European Union transport
fuels must be made up of at least 10% from renewable sources (European Union 2009).
An amendment to the legislation states that only 7% of the total 10% can come from

biofuels produced from food crops, i.e. first generation biofuels (European Union 2015).

The production of biofuels can be classed as first or second generation (third generation
biofuels have also recently been reported); where first generation biofuels refers to those
fuels which are derived from food crops and second generation biofuels are those that are
not derived directly from food crops. Second generation biofuels may be produced from

food crops, where the crop has already been used as a food source and only waste material
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is used in the generation of the biofuel, and from lignocellulosic biomass (Antizar-

Ladislao and Turrion-Gomez 2008).

A review of the methods of production for biodiesel has been given by Basha et al. (2009).
Biodiesel is produced through the transesterification of the fatty acids present in oils, to
produce fatty acid methyl esters (FAMESs), shown in Figure 1-7. The long chain methyl
esters are similar to the hydrocarbons found in conventional diesel fuel, and so the use of

biodiesel in diesel engines is well suited.

0O
CH2—-O—g—R 0 ¢H—OH
' I CH—OH
(lIH —O0—CO—R + 3CHy—OH —>» 3 R—C—0—CH; + |
CH,—0—C—R CH,—OH
Triglyceride Methanol Ester Glycerol

Figure 1-7: The production of biodiesel from oil, reproduced from Alcantara et al. (2000).

Biodiesel can be used in diesel engines without the need for any modifications, and can
be used neat or blended with diesel. More recent research into the production of biodiesel
using microalgae (Schenk et al. 2008) shows promising results for its production as a
second generation biofuel. A review by Kumar et al. (2013) discusses combustion
emissions from biodiesel relating to the origin of the fuel itself, highlighting differences
in emissions from the combustion of biodiesels dependent on the origin of the biodiesel.
The authors conclude that better understanding of emissions dependent of the biodiesel
feedstock is required, and that different engine types may also have a significant influence

on the combustion emissions.

Butanol has long been produced from biomass, with its production from the fermentation
of sugars first being reported by Louis Pasteur in 1861 (Jones and Woods 1986). The four
isomers of butanol all have different methods of production; tert-butanol is the only
isomer that can only be produced via petrochemical methods, n-butanol is commonly
produced by fermentation of sugars, sec-butanol is produced through bacterial
fermentation to produce an intermediate product which is subsequently chemically
converted to the final butanol product (Nigam and Singh 2011), and iso-butanol has more
recently seen interest in its production as a biofuel, from the fermentation of the

microorganism, Corynebacterium crenatum (Su ef al. 2015).
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Alcohols have long been of interest for use as biofuels in replacing petrol in SI engines;
ethanol is currently the most widely used biofuel (Balat ez al. 2008, Kohse-Hoinghaus et
al. 2010). A chemical kinetic mechanism has been described by Saxena and Williams
(2007), shown in Figure 1-8, containing the major reaction sequences of the combustion

of ethanol. Acetaldehyde (CH3CHO) is one of the main combustion emissions of ethanol.

C2HS0H
OH (10)
H (10} H (5)
CH3 (8) 0 (4)
OH (6)
¥2 (5)
p| C2H4 CH2CH20H GH3GHOH CH3CHz20
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Figure 1-8: Chemical kinetic mechanism for the combustion of ethanol, reproduced from Saxena
and Williams (2007).

As the carbon chain of alcohols is increased, the energy density of the alcohols is seen to
increase; methanol, ethanol and propanol all have relatively low energy densities whereas
the energy density of butanol is more comparable to that of petrol fuel. Because of the
higher energy density as compared to smaller chain alcohols, butanols have seen
increased research into the suitability as potential biofuels for the replacement of petrol
fuel in SI vehicle engines (Grana et al. 2010, Kumar and Gayen 2011). Table 1-2
compares the lower heating values (LHVs); it is a measure of the energy content of the

fuels, where the LHVs for the isomers of butanol are much closer to that of petrol.
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Fuel Lower Heating Value (LHV) / MJ L!
Petrol 30-33

Diesel 35.66

Methanol 15.8

Ethanol 21.4

n-butanol 26.9

sec-butanol 26.7

iso-butanol 26.6

tert-butanol 25.7

Table 1-2: Comparison of properties for a selection of alcohol fuels and conventional fuels, values
taken from Sarathy et al. (2014).

The use of higher alcohols as biofuels offer a number of advantages over the currently
used ethanol and methanol. Fugitive emissions of fuels are those that are released directly
as a vapour or gas of the fuel into the atmosphere. In 2014, 550 kt of non-methane volatile
organic compound (NMVOCs) were estimated to be emitted in England, with 13% of
those coming from fugitive emissions (Bailey et al. 2016). The volatility of fuels is
important in determining their potential to be released into the atmosphere as fugitive
emissions; with the majority of fugitive emissions coming from spillages during the
filling of vehicles at petrol stations. The atmospheric oxidation of alcohols for their
potential use as biofuels is therefore extremely important to understand in order to
determine their impact on the atmosphere. As the OH radical is the most abundant
oxidising species present in the troposphere, the OH initiated atmospheric oxidation of

potential alcohol based fuels is discussed.

The work in this thesis focusses on the atmospheric chemistry of butanols; their
combustion properties will not be discussed in detail. A review of the current literature
on the atmospheric oxidation of the isomers of butanol is detailed in Section 1.5.1, where

gaps in the current research are highlighted.

The atmospheric oxidation of ethanol has been investigated by a number of groups, with
its rate coefficient for the reaction with OH radicals being well defined (Wallington and

Kurylo 1987, Hess and Tully 1988, Jiménez et al. 2003, Dillon et al. 2005). The IUPAC
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recommended rate coefficient for the reaction of ethanol with OH radicals at 298 K is
determined from these literature values to be (3.20 + 0.44) x 1072 cm?® molecule™ s™!
(Atkinson et al. 2004). The branching ratios of the OH radical initiated oxidation of
ethanol have been studied by Carr ef al. (2011) and Meier et al. (1985), and are both in
good agreement that the oxidation occurs predominantly via a-hydrogen abstraction. Carr
et al. (2011) reported 92 + 8% a-hydrogen abstraction at 298 K and Meier et al. (1985)
75 + 15% at 298 K. The three possible pathways for the OH radical initiated oxidation of
ethanol are represented by reactions R 1-27 to R 1-29, with R 1-28 being the most
dominant pathway. These branching ratios were studied over the temperature range

298 - 523 K by Carr et al. (2011). The subsequent reaction of the radical produced
following the a-hydrogen abstraction is given by R 1-30, leading to the formation of

acetaldehyde.

CH3;CH20OH + OH — CH:CH:0H + HxO R 1-27
— CH3;CHOH + H2O R 1-28
—  CH3;CH20O + HO R 1-29

CH3CHOH + 02 —  CH3CHO + HO: R 1-30

The secondary chemistry occurring from the initial oxidation products of ethanol also
plays a significant role in the troposphere as further, photolchemically active, carbonyl
compounds may be formed. The B-hydrogen abstraction pathway (R 1-27) leads to the
formation of formaldehyde following R 1-31 to R 1-33. The formation of compounds
following such secondary chemistry may lead to small molar yields. However, their
tropospheric reactivities are typically greater than that of the primary products and
therefore can play an important role in subsequent reactions leading to the formation of

tropospheric ozone.

CH2CH20H + Oz — H>C(OO)CH20H R 1-31
H,C(OO)CH,OH + NO — H,C(O)CH,OH R 1-32
H>C(O)CH,OH + O, — 2CH20 R 1-33

1.5.1 Butanols

A number of studies have been reported in the literature on the kinetics and mechanisms
of the tropospheric oxidation of small alcohols such as methanol and ethanol. Far fewer
studies are reported on the mechanisms, kinetics and products of the tropospheric

chemistry of higher alcohols such as the four isomers of butanol. Butanol has seen
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increased interest into its production as a potential biofuel, and research into its
combustion kinetics and oxidation processes (Kohse-Hoinghaus et al. 2010, Kumar and

Gayen 2011, OBwald et al. 2011, Sarathy et al. 2012, Ratcliff et al. 2013).

Higher alcohols such as the isomers of butanol lead to more complex tropospheric
oxidation mechanisms for their removal via reaction with OH radicals. As for both
methanol and ethanol, the OH initiated oxidation predominantly proceeds via hydrogen
atom abstraction from the a-carbon position, ultimately resulting in the formation of a
carbonyl compound and HO». Butanol has four isomeric structures, illustrated in
Figure 1-9, where a-hydrogen abstraction is only possible from the n-, sec- and iso-

1Somers.

TN e \)OH\ )\/O“ )"”<

n-butanol sec-butanol iso-butanol tert-butanol

Figure 1-9: The four isomers of butanol.

A number of studies have been reported on the reaction of the isomers of butanol with
OH radicals. These include chamber based investigations into the oxidation mechanisms
and products of butanols in the presence of NOx, temperature dependent studies of the
rate coefficients with the OH radical and temperature dependent branching ratio studies
(Yujing and Mellouki 2001, Cavalli et al. 2002, Hurley et al. 2009, McGillen et al. 2013).
As discussed in Section 1.3, chlorine atoms can also play a significant role in the
atmospheric oxidation processes of VOCs in the troposphere. The chemical mechanisms
and kinetics of butanols for their reaction with Cl atoms have also been studied (Nelson
etal. 1990, Wu et al. 2003). In the following sections, the OH radical and Cl atom initiated
tropospheric oxidation and kinetics of the isomers of butanol will be reviewed, with
comparisons being drawn between the OH radical and Cl atom oxidation processes.
Tert-butanol is not to be discussed,; it is a solid at room temperature, with a melting point
~25°C, and so is unlikely to be used as a single component biofuel in the future, it is also
the only butanol isomer yet to be produced as a biofuel and is currently only a

petrochemical product.
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1.5.1.1 n-butanol

The reaction of n-butanol with OH radicals has been studied by a number of groups,

investigating the mechanisms, kinetics and products of the reaction. Rate coefficients in

the literature for the reaction of n-butanol with OH radicals are summarised in Table 1-3.

The room temperature rate coefficients, determined by the relative rate method, reported
by Nelson et al. (1990), Campbell et al. (1976), Cavalli et al. (2002), Hurley et al. (2009)
and Wu ef al. (2003) are all in good agreement. The value reported by Oh and Andino
(2001) 1s higher than the other relative rate studies, however, it does fall within the [UPAC

recommended value of (8.5 + 3.0) x 10"'? cm® molecule™ s™' (Atkinson et al. 2006).

Absolute rate coefficient values at room temperature are all in good agreement. Absolute
methods for the determination of OH rate coefficients are prone to influence from OH
regeneration within the instruments, and so are likely to under predict the actual rate
coefficient values using this method. The study by McGillen et al. (2013) also
investigated the rate coefficient for the reaction of '3OH radicals with n-butanol in order
to determine whether OH regeneration was influencing their results. The authors
concluded that OH regeneration was ~10% at 296 K for the reaction of OH radicals with
n-butanol. The numerous OH radical sources employed in the study by McGillen et al.
(2013), and the absence of OH regeneration for the other isomers of butanol investigated,
validate the method used for the determination of the rate coefficients. The authors
suggested a number of mechanisms which may lead to the regeneration of OH radicals,

however, the exact pathway is unknown.

All the literature rate coefficients given in Table 1-3 are in reasonable agreement within
their stated error limits. Two temperature dependent studies have been carried out; those
of Yujing and Mellouki (2001) and McGillen et al. (2013), which are in good agreement.
Both studies, however, have used absolute methods for the determination of the rate
coefficient. The relative rate method for the determination of rate coefficients is not
influenced by OH regeneration, and so temperature dependent relative rate studies for the
determination of the rate coefficient of n-butanol with OH radicals would assist in

validating those determined by absolute methods.
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kou + n-vutanar / Temperature /
Method Reference
cm?® molecule s K
Wallington and
(8.31 £0.63) x 102 296 FP-RF
Kurylo (1987)
(7.80 £ 0.20) x 1012 298 +2 PR-RA Nelson et al. (1990)
Yujing and Mellouki
5.30 x 102 exp[(146 £ 92) / T] 263 -372 PLP-LIF
(2001)
Yujing and Mellouki
(8.65+2.71) x 102 298 PLP-LIF
(2001)
McGillen et al.
(9.68 £0.75) x 1012 296 PLP-LIF .
(2013)
Campbell et al.
(6.8+1.3) x 107! 292 RR
(1976)
97 £0. x 107 + elson et al.
(7.97 £ 0.66) x 102 298 £2 RR Nel 1. (1990)
Oh and Andino
(1.03 £0.05) x 10! 208 £2 RR
(2001)
(7.67+£0.14) x 102 298 +2 RR Cavalli et al. (2002)
(8.86 £ 0.85) x 1012 296 +2 RR Hurley et al. (2009)
58 +0.66) x 10" + uetal
(8.58 £0.66) x 102 295+2 RR W 1. (2003)
Atkinson et al.
(8.5+3.0) x 1071 298 Evaluation’

(2006)

Table 1-3: Summary of experimentally determined rate coefficients for the reaction of n-butanol
with OH radicals in the literature. FP-RF = flash photolysis — resonance fluorescence,
PR-RA = pulsed radiolysis coupled with resonance absorption, PLP-LIF = pulsed laser
photolysis coupled with laser induced fluorescence, RR = relative rate. ‘Measurements
were carried out over the temperature range 220 — 380 K, where non-Arrhenius behaviour
was observed. TUPAC recommended value, determined from the absolute temperature
dependent study of Yujing and Mellouki (2001).
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Fewer studies have been conducted on the mechanisms and products of the OH initiated
oxidation of n-butanol. Cavalli et al. (2002) and Hurley et al. (2009) have both reported
on the products of the OH radical initiated oxidation of n-butanol in the presence of NOx.
The former study being carried out in the EUPHORE chamber (195 m? volume, outdoor,
FEP) and the latter in a 0.14 m®, indoor Pyrex chamber. Molar yields obtained from both

of these studies are shown in Table 1-4.

Product Hurley et al. (2009) Cavalli et al. (2002)
Butyraldehyde 44 + 4% 51.8+7.1%

Propanal 19 +2% 23.4+3.5%
Acetaldehyde 12+ 3% 12.7+2.2%
Formaldehyde - 43.4+2.4%

Table 1-4: Summary of molar yields determined from the OH radical initiated oxidation of
n-butanol in the presence of NOy.

Good agreement between the two studies is observed for the OH radical initiated
oxidation of n-butanol in the presence of NOx. Two different OH radical sources were
used in the studies; Cavalli et al. (2002) used the photolysis of HONO (R 1-37) by UV
radiation from the sun, and Hurley et al. (2009) used the photolysis of methyl nitrite
(CH30ONO). Both of these OH radical precursors results in relatively high concentrations
of NOx being present in the respective atmospheric simulation chambers. The production
of OH radicals from the photolysis of CH3ONO is described by R 1-34, R 1-35 and
R 1-36. Additional NO was added to the initial reaction mixture for the photolysis of
CH30NO in order to promote the conversion of HO> radicals to OH radicals through
R 1-36.

CH30NO + hva>2900m) — CH30 + NO R 1-34
CH3O0 + O — CH20 + HO: R 1-35
HO; + NO — OH + NO; R 1-36

The method by which HONO is produced for the studies of Cavalli ef al. (2002) also
results in high levels of NOy being present in the reaction mixture. The authors reported
initial concentrations of NO and NOx to be (1.8 —2.3) x 10'2 molecule cm™ (72 - 92 ppbv);
similar to that expected in a high NOx environment. Hurley et al. (2009) used
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concentrations of NO up to 8.9 x 10" molecule cm™ (35.6 ppmv) in their studies; far

greater than which is typically observed in high NOx environments.
HONO + hvp<400nm) — OH + NO R 1-37

Despite the considerable differences in initial NOx concentrations between the two
studies, as seen in Table 1-3, molar yields are in very good agreement. This indicates that
the concentration of NOy present does not have an influence on the products of the OH
radical initiated oxidation. Studies under varying NOx conditions would help to elucidate
any dependence on NOx concentrations. As governments worldwide are enforcing stricter
regulations on emissions of NOy, with emissions in England having declined by ~70%
since 1990 (Bailey et al. 2016), understanding the potential impact of tropospheric

oxidation processes on the environment under varying NOx conditions is vital.

The OH radical initiated oxidation of n-butanol in the absence of NOy has not been
reported in the literature. The use of peroxide photolysis, such as hydrogen peroxide

(H20,), would be an ideal low NOx OH radical source (R 1-38) for such studies.
H2O2 + hvos230nm) — 20H R 1-38

The major disadvantage of the use of peroxides as an OH radical source is that they
require shorter wavelengths for their photolysis, at which many of the expected carbonyl
products may also be photolysed. Photolysis rates of such carbonyl product compounds
can, however, be measured and thus experimental data can be corrected for any photolysis

reactions occurring and influencing the product yields.

The kinetics of n-butanol with Cl atoms have not been studied as extensively as the
reaction with OH radicals. Details of the rate coefficients in the literature for the reaction

of n-butanol with Cl atoms are summarised in Table 1-5.
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ki wbutanon / Temperature /
Method Reference

cm® molecule™ s™! K

(1.96 % 0.19) x 10710 298 PLP-RF | Garzén et al. (2006)
3.12 x 10" lexp[(548+65)/T] 266 — 382 PLP-RF | Garzén et al. (2006)

(2.14 % 0.11) x 10710 298 +2 RR Nelson ez al. (1990)
(2.25+0.11) x 10710 295 RR Wu et al. (2003)
(2.37+0.11) x 1010 295 RR Wu et al. (2003)
(2.21 4 0.38) x 10710 296 +2 RR Hurley et al. (2009)

(22+0.4)x 101 298 Evaluation® | Atkinson et al. (2006)

Table 1-5: Summary of experimental literature rate coefficients for the reaction of n-butanol with
Cl atoms. PLP-RF = pulsed laser fluorescence — resonance fluorescence, RR = relative rate.
"ITUPAC recommended value, determined from the studies by Garzon et al. (2006), Nelson
et al. (1990) and Wu et al. (2003).

All rate coefficients determined by the relative rate method at room temperature are in
good agreement. Wu et al. (2003) reported two values for the rate coefficient using two
different reference compounds; (2.25 + 0.11) x 10! cm® molecule™! s! was determined
using propane as a reference compound and (2.37 £ 0.11) x 107! cm? molecule™! s! using
cyclohexane. The rate coefficient reported by Hurley et al. (2009) was determined from
combining individually determined rate coefficients with three different reference
compounds; acetylene, ethane and propene. Cyclohexane was also used as the reference
compound in the study by Nelson et al (1990) giving a rate coefficient of
(2.14 £0.11) x 107'° cm® molecule™ s!, which is in good agreement with that determined
by Wu et al. (2003) using the same reference compound. Garzén et al. (2006) have
reported the only measurements of the rate coefficient for n-butanol with Cl atoms using
an absolute method, it is also the only temperature dependent study reported in the

literature. The room temperature value reported of kci+ n-butanot = (1.96 £ 0.19) x 1071% cm?

molecule! s!

is in good agreement with the values determined using the relative rate
method, however, it is slightly lower. As with the measurement of rate coefficients of
compounds with OH radicals by absolute methods, the measurement of Cl atom rate

coefficients are also prone to Cl regeneration, influencing the observed rate coefficients,
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which result in an underestimation of the rate coefficients, likely to be the cause of the

lower value reported by Garzon et al. (2006).

As only one temperature dependent study for the determination of the rate coefficient for
the reaction of Cl atoms with n-butanol has been carried out, by an absolute method which
is prone to interferences from Cl atom regeneration, it is concluded that the temperature
dependence observed may also be influenced by Cl atom regeneration. McGillen et al.
(2013) reported that the OH regeneration in their study of the rate coefficient for the
reaction of n-butanol with OH radicals decreased as temperature increased. Correctly
accounting for any interferences from the regeneration of OH radical or Cl atoms in
absolute methods for rate coefficient determinations is therefore critical. Non-Arrhenius
behaviour was observed for the kinetics of n-butanol with OH radicals (McGillen et al.
2013). Extending the temperature range and studying the temperature dependence of the
rate coefficient for the reaction of n-butanol with CI atoms using the relative rate
technique would assist in verifying the temperature dependence observed by Garzon et
al. (2006) and determining whether, n-butanol shows non-Arrhenius behaviour for its
reaction with Cl atoms. The relative rate technique is not expected to be influenced by

any Cl atom regeneration.

Hurley et al. (2009) have presented the only study currently in the literature on the
products and mechanism of the Cl atom initiated oxidation of n-butanol in the presence
and absence of NOy. The molar yields determined from their study are summarised in

Table 1-6.

Product Molar Yield (with NO) Molar Yield (without NO)
Butyraldehyde 38+2% 38£2%

Propanal 23 +£3% -
Acetaldehyde 12 £ 4% -
Formaldehyde 33+3% -

Table 1-6: Molar yields for the Cl atom initiated oxidation of n-butanol in the presence and
absence of NO as reported by Hurley et al. (2009).

The photolysis of Cl> was used to produced CI atoms in the presence and absence of NOx;
studies in the presence of NOx used initial [NO] = (1.8 — 3.6) x 10'> molecule cm™
(72 - 140 ppmv), again considerably higher concentrations to what would be expected in

high NOx environments. It was concluded that the difference in yields of propanal,
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acetaldehyde and formaldehyde in the presence of NOx is due to the importance of
chemical activation in the tropospheric oxidation of n-butanol. A review by Orlando et
al. (2003) discusses the atmospheric chemistry of alkoxy radicals, detailing the
importance of chemical activation on the decomposition of alkoxy radicals in oxidation
processes in the presence of NOx. The decomposition of alkoxy radicals in the presence
of NOx can be described by R 1-39 to R 1-45, where the peroxy radical decomposes via
a short lived vibrationally excited peroxy nitrite (R 1-39), which is an exothermic
reaction. Much of the exothermicity from the reaction of the peroxy radical with NO is
transferred to the alkoxy radical, which subsequently decomposes on a short timescale

(<107 s).

ROy + NO — ROONO® R 1-39
ROONO" — RO™ + NO; R 1-40
ROONO® + M — ROONO + M R 1-41
ROONO — RO + NO» R 1-42
RO™ — decomposition of isomerisation R 1-43
RO" + M — RO + M R 1-44
RO’ — decomposition, isomerisation or reaction with O» R 1-45

None of the yields reported by Hurley et al. (2009) following the Cl atom or OH radical
initiated oxidation of n-butanol in the presence or absence of NOx were corrected for
secondary formation through the oxidation or subsequent reactions of the higher
aldehydes, and so are reported as upper limits on the yields. It was determined that the CI
atom initiated oxidation proceeds 38 + 2% via a-hydrogen abstraction, and the OH radical
initiated oxidation proceeds 44 + 4% via a-hydrogen abstraction for the reaction with
n-butanol. These percentages reflect the relative kinetics for the Cl atom and OH radical
reaction with n-butanol and the increased selectivity for the a-hydrogen attack by OH

radicals.

1.5.1.2 sec-butanol

The kinetics of sec-butanol have not been studied as extensively as n-butanol under
atmospherically relevant conditions. Table 1-7 summarises the rate coefficients in the
literature for the reaction of OH radicals with sec-butanol. Production of the isomers of
butanol for the use as potential biofuels is typically carried out by fermentation processes.

However, the production of sec-butanol by this method can be expensive as it has a lower
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boiling point than water, making it difficult to recover in the fermentation process (Chen

et al. 2015).

k(OH + sec-butanol) / Temperature
Method Reference
cm?® molecule s /K
Chew and Atkinson
(8.58 £ 0.49) x 1072 296 +£2 RR
(1996)
Baxley and Wells
(8.80 £ 0.14) x 1072 297 +3 RR
(1998)
Baxley and Wells
(7.57 £ 0.44) x 102 297 +3 RR
(1998)
(8.88 £ 0.69) x 1072 296 PLP-LIF McGillen et al. (2013)
(9.01 £ 1.00) x 1072 298 PLP-LIF Jiménez et al. (2005)
2.76 x 10" 2exp[(328+124)/T] 263 — 354 PLP-LIF Jiménez et al. (2005)
(8.7+3.1)x 10" 298 Evaluation® | Atkinson et al. (2006)

Table 1-7: Summary of experimentally determined rate coefficients for the reaction of Cl atoms
with sec-butanol. RR = relative rate, PLP-LIF = pulsed laser photolysis — laser induced
fluorescence. “TUPAC rate coefficient evaluation determined using measurements made by
Chew and Atkinson (1996) and Baxley and Wells (1998).

All of the room temperature rate coefficients for the reaction of OH radicals with
sec-butanol are in good agreement. The value reported by Jiménez et al. (2005) using an
absolute method is slightly higher than those determined using the relative rate method;
they also determined a slight temperature dependence over the temperature range
263 - 354 K, however, they do note that their obtained results show considerable scatter.
Further temperature dependent studies on the kinetics of OH radicals with sec-butanol are
required to reduce this scatter. Chew and Atkinson (1996) and Baxley and Wells (1998)
have reported on the products from the OH radical initiated oxidation of sec-butanol, the

results from these studies are summarised in Table 1-8.
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Product Chew and Atkinson (1996) Baxley and Wells (1998)
2-butanone 69.5 +0.73% 60 = 2%
Acetaldehyde - 29+4%

Table 1-8: Summary of experimentally determined yields for the OH initiated oxidation of
sec-butanol in the presence of NO.

The product yields of 2-butanone from Baxley and Wells (1998) and Chew and Atkinson
(1996) are in good agreement, Baxley and Wells (1998) also reported an acetaldehyde
yield of 29 + 4%. Only one study has been reported in the literature on the kinetics of
sec-butanol with CI atoms (summarised in Table 1-9), by Ballesteros et al. (2007), where
anegative temperature dependence was reported over the range 267 — 384 K. The authors
also reported the observation of 2-butanone as a major product in the oxidation reaction.
No other product studies are available in the literature for the CI atom initiated oxidation

of sec-butanol.

k(Cl+sec-butanol) / Temperature /
Method Reference
cm?® molecule s K
(1.32+0.14) x 1010 298 £2 RR Ballesteros et al. (2007)
6.16 x 10 'exp[(174+58)/T] 267 — 384 PLP-RF Ballesteros et al. (2007)
(1.10 £ 0.22) x 1010 298 PLP-RF Ballesteros et al. (2007)

Table 1-9: Summary of experimentally determined rate coefficients for the reaction of sec-butanol
with Cl atoms. RR = relative rate, PLP-RF = puled laser photolysis — resonance
fluorescence.

1.5.1.3 iso-butanol

The kinetics, mechanisms and products relating to the atmospheric fate of iso-butanol has
seen increased interest due to its potential use as a biofuel (Su et al. 2015). A summary
of the current literature values for the rate coefficient of iso-butanol with OH radicals is

given in Table 1-10.
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k(OH+is0-butanol) / Temperature /
Method Reference
cm?® molecule s! K
3.1x 10" exp[(352+82)/T] 241 - 370 PLP-LIF Mellouki et al. (2004)
(9.2+£0.4) x 1012 298 PLP-LIF Mellouki et al. (2004)
(8.8+£0.3) x 1012 295+2 RR Wu et al. (2003)
(9.2+0.4) % 1012 2905+2 RR Wu et al. (2003)
(8.5£0.1) x 1012 298 +2 RR Mellouki et al. (2004)
(8.8+£0.3) x 1012 298 +2 RR Mellouki et al. (2004)
(9.72+0.72) x 10°12 296 PLP-LIF *McGillen et al. (2013)
14 £0. x 10 £ ndersen et al.
(1.14+0.17) 10! 296 +2 RR And 1. (2010)
O£ 1.7)x 10 valuation tkinson et al.
(8.9+1.7)x10 12 298 TEvaluati Atki 1. (2006)

Table 1-10: Summary of experimentally determined rate coefficients for the reaction of
iso-butanol with OH radicals as described in the literature. PLP-LIF = pulsed lased
photolysis — laser induced fluorescence. RR = relative rate. “Temperature dependent studies
were also carried out — see text below. TTUPAC evaluated rate coefficient determined from
the values reported by Mellouki et al. (2004) and Wu et al. (2003).

Good agreement is observed between the reported rate coefficients for the reaction of
iso-butanol with OH radicals. Temperature dependent studies have been carried out by
Mellouki et al. (2004) and McGillen et al. (2013); the former reporting an Arrhenius
expression describing the temperature dependence of 3.1 x 10712 exp[(352 + 82) / T] cm®
molecule! s'. The room temperature rate coefficients determined by Mellouki et al.
(2004) by both the relative rate method and an absolute method are in excellent
agreement, indicating no significant influence from OH regeneration in the absolute
determination of koH + iso-butanol. This is in agreement with observations made by McGillen
et al. (2013) who also reported no OH regeneration. McGillen et al. (2013) extended the
temperature range to 221 — 381 K, and observed clear non-Arrhenius behaviour. Further
temperature dependent studies on the kinetics of iso-butanol with OH radicals would

assist in verifying the temperature dependence of this reaction.

Only one previous product study of the OH radical initiated oxidation of iso-butanol has

been reported in the literature by Andersen et al. (2010), where the authors reported a
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61 + 4% molar yield of acetone in the presence of NOx. It would be expected that the OH
radical initiated oxidation would predominantly proceed via the a-hydrogen abstraction
leading to the formation of iso-butyraldehyde. Strong absorptions in the IR by CH;0ONO
obscured any evidence of iso-butyraldehyde formation in these experiments. Considering
the OH radical attack is expected to proceed predominantly via the a-hydrogen, this
reported acetone yield of 61 + 4% is relatively high; the yield however, has not been
corrected for any secondary formation of acetone through photolysis or subsequent
reaction with OH radicals of iso-butyraldehyde, and so should be taken as an upper limit.
Similar to the product study of n-butanol with OH radicals in the presence of NOx (Hurley
et al. 2009), relatively high concentrations of NO were present in the reaction mixture as
compared to what would be expected in high NOx environments. Again it is suggested
that the use of a different OH radical precursor, such as H>O», would allow for the
products of the reaction with iso-butanol to be investigated under more tropospherically
relevant concentrations of NOx, and also allowing for iso-butyraldehyde to be observed

in the IR.

Only two studies are reported in the literature for the determination of the rate coefficient
for the reaction of iso-butanol with CI atoms, their results are summarised in Table 1-11.
No temperature dependent studies have been carried out, and both of the room

temperature studies have been carried out using the relative rate method.

k1 + iso-butanony /
Temperature / K Method Reference
cm?® molecule s
(1.82+0.04) x 1010 205+2 RR” Wu et al. (2003)
(1.96+£0.11) x 1010 205+2 RRT Wu et al. (2003)
(2.02 +£0.23) x 1010 296 +2 RRT Andersen et al. (2010)
10 =£0. x 107 + ndersen et al.
(2.10 £ 0.33) x 1010 296 +2 RR? And 1. (2010)

Table 1-11: Summary of experimentally determined rate coefficients for the reaction of
iso-butanol with Cl atoms as reported in the literature. RR = relative rate. ‘reference
compound = propane, ‘reference compound = cyclohexane, *reference compound = ethane.

Both studies employed two different reference compounds; cyclohexane and propane
were used by Wu et al. (2003), with their results being in very close agreement. Andersen
et al. (2010) used cyclohexane and ethane as reference compounds, again with excellent

agreement between the rate coefficients obtained. The results of the two studies are in
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very good agreement, particularly for those where cyclohexane was used as the reference
compound. Ambient temperatures vary greatly worldwide, and so it is essential for
temperature dependent studies to be carried out for such compounds as iso-butanol, in
order to fully assess their potential impacts in the troposphere if used as future biofuels.
Studies carried out using absolute methods for the measurement of the kinetics for the
reaction of iso-butanol with Cl atoms would also be greatly beneficial in validating those

determined using the relative rate method.

One product study of the Cl atom initiated oxidation of iso-butanol in the presence and
absence of NOx is presented in the literature by Andersen et al. (2010); the results of

which are summarised in Table 1-12.

Product Yield (with NO) Yield (without NO)
Iso-butyraldehyde 46 + 3% 48 +3%
Acetone 35+3% -
Formaldehyde 49+ 3% -

Table 1-12: Summary of the molar yields determined by Andersen et al. (2010) for the CI atom
initiated oxidation of iso-butanol in the presence and absence of NOx.

Similar to the CI atom initiated oxidation of n-butanol in the absence of NOy, only the
a-hydrogen abstraction product, iso-butyraldehyde, was observed as a primary product in
the Cl atom initiated oxidation of iso-butanol. For small consumptions (<20%) of
iso-butanol, very small yields (<5%) were observed for acetone and formaldehyde, with
considerable formation of these two compounds being observed as secondary products.
This is mirrored by a turnover in the production of iso-butyraldehyde which, following
its production, is subsequently lost due to photolysis and reaction with Cl atoms.
Substantial primary yields of acetone and formaldehyde were reported for the Cl atom
initiated oxidation in the presence of NOyx; 35 + 3% and 49 + 3%, respectively. These
yields, however, are likely to be an overestimation as the loss of iso-butyraldehyde by
OH radicals in the system was assumed to be negligible. Further studies into the OH
radical and CI atom oxidation of iso-butanol in the presence of varying, tropospherically
relevant NOx concentrations would assist in developing the understanding of the fate of

iso-butanol in the troposphere.

Hurley et al. (2009) have reported on the kinetics, mechanisms and products of the

oxidation of n-butanol with Cl atom initiated oxidation in the presence and absence of
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NOx, and OH radical initiated oxidation in the presence of NOx. This study was carried
outin a 140 L Pyrex atmospheric simulation chamber, with the primary carbonyl products
from the oxidation processes being presented. The major oxidation product in all cases
was seen to be butyraldehyde, following the a-hydrogen abstraction by either Cl atoms
or OH radicals. For the Cl atom initiated oxidation in the absence of NOy, only
butyraldehyde was observed as a primary product, however, in the presence of NOx
propanal, acetaldehyde and formaldehyde were also observed as major oxidation products
(38%, 23%, 12% and 33% molar yields, respectively). Propanal, acetaldehyde and
formaldehyde were also observed for the OH radical initiated oxidation of n-butanol in
the presence of NOx, and it was concluded that chemical activation is important in the

atmospheric chemistry of the alkoxy radicals formed during the oxidation process.

As the alcohol series is ascended, the tropospheric reactivity of higher alcohols tends
towards that of their comparable alkanes. The OH initiated oxidation of the four isomers
of butanol has been reported by McGillen et al. (2013), with the end product branching

ratios discussed.

Product kon +ncy / em® molecule™ s k1+nc)/ cm® molecule™! s!
n-butanol 8.5 x 10712 *29 % 1010
sec-butanol *8.7 x 10712 11.32 x 10-10
iso-butanol 8.9 x 10712 .06 x 10710
tert-butanol 1.1 x 10712 $3.15 x 10711

Table 1-13: Comparison of rate coefficients for the reaction of OH radicals and Cl atoms with the
four isomers of butanol. “TUPAC recommended rate coefficients taken from Atkinson et al.
(2006). ftaken from Ballesteros et al. (2007). *taken from Andersen et al. (2010). Staken
from Wu et al. (2003).

As discussed in Section 1.3 the oxidation of VOCs initiated by Cl atoms also plays an
important role in tropospheric chemical mechanisms. OH radicals are more abundant in
the troposphere, however, VOCs typically have rates of reactions with Cl atoms
considerably faster than with OH radicals. Cl atom chemistry has shown increased
interest in its importance for VOC oxidation processes particularly in high NOx polluted
environments. Table 1-13 compares the rate coefficients for the reaction of CI atoms and
OH radicals with the four isomers of butanol, showing the difference in reactivity of the

isomers of butanol towards OH radicals compared to Cl atoms.
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1.5.1.4 Atmospheric Fate of Aldehydes
As has been described in Sections 1.5.1.1, 1.5.1.2 and 1.5.1.3, aldehydes are some of the

major products formed during the tropospheric oxidation of alcohols. They are
photochemically active, absorbing light in the wavelength range 240 — 360 nm (Wenger
2006). The main fate of aldehydes in the troposphere is their loss through photolysis and
reaction with OH radicals. Although alcohols themselves as fuels may have lower
atmospheric reactivity as compared to traditional fossil fuels, their major oxidation
products (and combustion emissions), aldehydes, typically have much higher reactivity,
leading to higher ozone forming potentials (as has been discussed in Section 1.3). It is
therefore extremely important to fully understand the mechanisms for both the production
and destruction of aldehydes within the troposphere in order to investigate the potential
impact on the atmosphere from the use of alcohols as biofuels in vehicle engines. The
importance of NOy chemistry has been described in Section 1.2; the presence of NOy in
the troposphere during the oxidation of VOCs leads to the formation of tropospheric
ozone. The studies described above in Sections 1.5.1.1, 1.5.1.2 and 1.5.1.3, into the OH
radical and Cl atom initiated oxidation of butanols have all been carried out at extremely
high NOx concentrations. Urban areas typically have high concentrations of NOx
(>100 ppbv) and remote areas such as forested regions typically have low levels of NO,.
In 2014 road transport emissions accounted for 45.1% of total NOx emissions (Bailey et

al. 2016).

1.6 Atmospheric Simulation Chambers

Atmospheric simulation chambers are extremely useful in their ability to study many
variants in the atmosphere. The Highly Instrumented Reactor for Atmospheric Chemistry
(HIRAC) is one such chamber, developed at the University of Leeds (Glowacki et al.
2007). There are many atmospheric simulation chambers worldwide, ranging in
construction materials, size and available analytical instrumentation. A comprehensive
comparison of all of these is far beyond the scope of this work, and so only relevant
chambers for comparison with HIRAC will be discussed here. Table 1-14 details a

number of atmospheric simulation chambers and their key features.

There are a number of advantages and disadvantages arising from the choice of
construction material used in building atmospheric simulation chambers. The use of
stainless steel, such as the HIRAC chamber and the CESAM chamber (Wang et al. 2011),
allows for studies to be conducted under a range of temperatures and pressures. Both of

these chambers are constructed to allow either heated or cooled fluid to circulate around
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the outside of the chamber, with HIRAC being able to maintain temperatures over the
range 253 — 343 K, and CESAM over the range 253 — 323 K. The use of stainless steel as
a construction material, however, limits the size achievable for atmospheric simulation

chambers.

Fluorinated ethylene propylene (FEP) Teflon chambers, such as SAPHIR, EUPHORE,
ACOM and ILMARI (see Table 1-14 for references) can only be operated at ambient
temperatures and are typically operated at pressures slightly above ambient (SAPHIR is
operated ~80 Pa above ambient pressure and EUPHORE is operated 100 — 200 Pa above
ambient). The majority of FEP chambers are large outdoor chambers, such as SAPHIR
and EUPHORE, and are able to utilise the UV radiation directly from the sun to initiate
chemical reactions. The advantage of this is that the full emission spectrum of the sun is
used, and so reactions can be directly linked to those in the atmosphere. Cloud cover,
however, can limit the amount of the sun’s UV radiation reaching the contents of the
chamber. Smaller indoor FEP chambers such as ACOM and ILMARI are often

surrounded by UV lamps which can be illuminated to initiate photochemical reactions.

Smaller indoor atmospheric simulation chambers have greater volume to surface area,
making wall reactions important to correctly characterise. Such reactions are typically
dependent on the construction material. FEP chambers suffer from high background
levels of NOx, and large outdoor FEP chambers such as SAPHIR often utilise the HONO
emitted from the chamber walls as a source of OH radicals (Rohrer et al. 2005). Details

of the HIRAC chamber and its instrumentation will be given in Chapter 2.
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1.7 HOx Measurement Techniques

As has been discussed in Section 1.2, HOx (= OH + HOz) plays a vital role in the removal
of trace gases and pollutants in the troposphere. The low tropospheric concentrations of
OH (~10° molecule cm™) require the use of extremely sensitive detection methods. Three
main techniques have been developed for the measurement of HOx in the troposphere;
differential optical absorption spectroscopy (DOAS), chemical ionisation mass
spectrometry (CIMS) and laser induced fluorescence (LIF). A brief outline of each of
these methods for the measurement of OH and HO» radicals in the troposphere is given,

with discussion on their main advantages and disadvantages.

1.7.1 Differential Optical Absorption Spectroscopy
Differential optical absorption spectroscopy (DOAS) measures concentrations of species
of interest from their absorption at specific wavelengths of light using the Beer-Lambert

law:
A = ecl Eq. 1-4

where A is the absorption, ¢ is the cross section of the species of interest at the chosen
wavelength, and / is the path length. One of the major draw backs of DOAS instruments
1s its poor sensitivity, meaning a long path length is needed in order to achieve the signal
to noise ratio required to measure low tropospheric concentrations. A DOAS instrument
for the measurement of OH radicals is in operation at the SAPHIR chamber in Jiilich,
Germany, as illustrated in Figure 1-10 (Schlosser ef al. 2007). Laser light at ~308 nm is
used as the light source for the long path for the measurement of OH radicals; in the
DOAS set up at the SAPHIR chamber, the 308 nm laser light makes 112 passes, resulting
in a total absorption path length of 2240 m.
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Figure 1-10: Schematic diagram showing positioning of instrumentation for the measurement of
HOy radicals at the SAPHIR chamber at the Jiilich Forschungszentrum, Germany.
1 = positioning of LIF FAGE instrument, 2 = DOAS instrument. Reproduced from
Schlosser et al. (2007).

The method by which OH radical concentrations are measured with DOAS
instrumentation means that calibration is not required; but is achieved using data for
absorption cross sections that are predetermined in the laboratory using R 1-6. The
absorption of other species at the wavelengths used for OH measurements (such as SO>
and HCHO) need to be subtracted from spectra before the OH absorption spectrum is

fitted in order to determine OH concentrations.

1.7.2 Chemical Ionisation Mass Spectrometry

Chemical ionisation mass spectrometry (CIMS) is an indirect method for the
measurement of OH radicals. OH radicals are converted into isotopically labelled
sulphuric acid (R 1-46 to R 1-48), which does not naturally occur in the troposphere, and
so reduces any background interferences. The sulphuric acid can then be measured by
quadrupole mass spectrometry of the highly stable anion, following atom abstraction by

the nitrate ion, R 1-49 (Berresheim et al. 2000).

OH + *S0, + M — H*S0; + 02 R 1-46
H*S0; + 0, — **S0; + HO» R 1-47
3#30; + HoO + M — H»*S04 + M R 1-48
H»**S04 + NO3HNO; — H**SO4~HNO; + HNO; R 1-49

CIMS is not an absolute method for OH radical measurements, and so requires

calibration in order to convert signal into OH concentrations. CIMS instrumentation can
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also be used for the detection of HO: radicals, through its conversion to OH from the

reaction with NO:

HO; + NO — OH + NO: R 1-50

1.7.3 Fluorescence Assay by Gas Expansion

Fluorescence assay by gas expansion (FAGE) was first reported by Hard et al. (1979) for
the in situ measurements of OH radicals in the atmosphere. Since then, a number of
modifications to the technique have been made, and a number of FAGE instruments are
in use globally for ground based, aircraft and chamber based studies of HOx radicals.
Details of the FAGE instrument used in the HIRAC laboratory are given in Chapter 3,
including a description of the instrument itself and development of calibration

techniques.

In the FAGE method for measuring HO radicals, the sampled air is expanded through a
pinhole (typically ~1 mm) into a low pressure detection chamber (~3.8 mbar for the
HIRAC FAGE instrument). Laser light with a wavelength of ~308 nm is used for both
the excitation and detection of fluorescence from OH radicals; this is known as
on-resonance detection. HO, radicals are converted into OH radicals through their
reaction with NO (R 1-50). The OH radicals are then excited and their fluorescence is

detected in the same manner.

1.7.4 Overview and Comparison of HOx Instrumentation

Formal comparisons of the DOAS, CIMS and LIF methods for the measurement of HOx
have been carried out by Schlosser et al. (2009) and Fuchs et al. (2010). Atmospheric
simulation chambers such as SAPHIR and EUPHORE are ideally suited for instrument
intercomparison measurements; their large size allows for multiple instruments to sample
air of the same chemical composition from within the chamber. One such
intercomparison of HOx instrumentation is the HOx campaign which was carried out in
2005 at the SAPHIR chamber in Jiilich, Germany (Schlosser et al. 2009, Fuchs et al.
2010). During these measurements, comparisons between LIF, CIMS and DOAS
instruments were made for both ambient air samples and air sampled from the SAPHIR
chamber. Three LIF instruments and one CIMS instrument were compared for ambient
measurements of OH radicals, and three LIF instruments and one DOAS instrument were
compared for chamber measurements of OH radicals. Good agreement between the
instruments was shown for ambient measurements of OH and excellent agreement was

observed for measurements from the SAPHIR chamber. Three LIF instruments were
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compared for measurements of HO» radicals for both ambient and SAPHIR
measurements; with the three instruments showing good agreement with each other. It
was, however, observed that the three LIF instruments were influenced by a previously
unknown consideration relating to the water vapour concentration within SAPHIR, and
it was suggested that this could have also affected ambient measurements where
instruments were all sampling from slightly different locations at the site. A number of
instrument comparisons have been carried out for ambient measurements of OH radicals,
including aircraft based OH radical measurement comparison (Hofzumahaus et al. 1998,

Schlosser et al. 2007, Ren et al. 2012).

Measurements of HOy are typically compared to model simulations; using chemical
mechanisms which have been developed through laboratory experiments. The Master
Chemical Mechanism (MCM) is a chemical mechanism developed at the University of
Leeds for the gas phase chemical reactions occurring in the troposphere; the latest version
of the MCM contains the degradation processes of 143 VOCs (MCM 2016). The use of
such models, constrained to measurements of VOCs allows for detailed comparisons
with measured HOx concentrations to be made; good agreement, however, does not
necessarily mean that all mechanisms within the chemical model are correctly
represented. Incorrect estimations for both sources and sinks of HOx may coincidentally
balance with each other. Many comparisons of measurements and modelled HOx
concentrations have been reported in the literature; where modelled OH concentrations

often under predict the observed OH concentrations.

A comparison of measured and modelled average diurnal OH concentrations is shown in
Figure 1-11 for measurements taken in the Pearl River Delta, China (Hofzumahaus et al.
2009). Good agreement between the measured and modelled OH concentrations was
observed in the mornings, with the measured OH concentrations being considerably
greater than the modelled [OH] and measured HO; concentrations being slightly greater
than the modelled [HO-] in the second half of the day. It was concluded that OH sources
in the chemical model were not sufficient to match the observed HOx concentrations at

later times in the day.
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Figure 1-11: Comparison of average diurnal measured and modelled OH and HO; concentrations
from field measurements take in the Pearl River Delta, China. Solid red lines represent
measured concentrations, solid blue lines represent Regional Atmospheric Chemistry
Mechanism (RACM) base case modelled concentrations, dashed blue lines represent
extended RACM modelled concentrations. Reproduced from Hofzumahaus ez al. (2009).

1.8 OH Reactivity Measurement Techniques

Three different types of instrument have been developed and are widely used for
measuring total OH reactivity; the total OH loss rate measurement (TOHLM), the
comparative reactivity method (CRM) and laser flash photolysis coupled with laser
induced fluorescence (LFP-LIF). A description of each of the three methods will be given
here (a detailed description of the Leeds LFP-LIF instrument is given in Chapter 4).

1.8.1 Comparative Reactivity Method

The comparative reactivity method for the measurement of OH reactivity was first
described by Sinha et al. (2008) and has since been developed by a number of groups
(Table 1-15). CRM instruments consist of a glass reaction cell, as illustrated in
Figure 1-12, in which a sequence of flows are introduced, coupled to a detector (PTR-MS
or GC-PID) in order to measure the total OH loss rate. The CRM relies on the

measurement of a reactive species, typically pyrrole, during a three step measurement
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procedure, described by Figure 1-13. The concentration of pyrrole is highest in the first
step (C1 in Figure 1-13). In this step, pyrrole is introduced into the reaction cell with dry
zero air, and should only be lost to any reaction with impurities present in the dry zero
air, loss to the walls of the reaction cell or photolysis of pyrrole by the mercury pen ray
lamp (A =184.9 nm). The pyrrole concentration decreases in the second step (C2 in
Figure 1-13), where OH radicals are generated in the reaction cell, following R 1-51, as
humidified zero air is introduced into the reaction cell. The decrease in pyrrole
concentration in the second step is due to the reaction of pyrrole with the OH radicals

present in the reaction cell.

H>,O + hvp=18490m) — H + OH R 1-51
H+ O, +M — HO, + M R 1-52

In the third step (C3 in Figure 1-13) an increase in pyrrole concentration from the C2
step is observed. Ambient air is drawn into the reaction cell through “Arm A” as shown
in Figure 1-12. OH radicals are also generated following R 1-51 from an addition of
humidified air into the reaction cell. The increase in pyrrole concertation in this step is
due to the OH reactive species present in the sampled ambient air competing with the
pyrrole for the reaction with OH radicals present in the reaction cell. From these three

steps, the OH reactivity (k on) can be calculated following Eq. 1-5:

, (C3-C2)

kon= kaHeryrroleCl Eq. 1-5

where ko + pymole 1S the rate constant for the reaction of pyrrole with OH radicals, taken
as 1.28 x 107! cm® molecule™! s! from Dillon et al. (2012). Several criteria have been
described by Sinha et al. (2008) for choosing an appropriate reference compound, most
importantly the compound must not be present in ambient air and must have a
well-defined rate coefficient for its reaction with OH radicals. The authors also noted
that the method could employ other suitable reference species, such as labelled isotopes
of isoprene, where suitable compounds with a lower rate coefficient with OH than that

of pyrrole would improve the sensitivity at lower values of OH reactivity.
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Figure 1-12: Schematic of the glass reaction cell used in CRM instruments for the measurement
of OH reactivity, reproduced from Sinha et al. (2008).
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Figure 1-13: Schematic of the three step measurement procedure used in the measurement of OH
reactivity with CRM instruments, where [x] is pyrrole. Reproduced from Sinha et al.
(2008).

During all three steps in the measurement procedure, a mercury pen ray lamp is switched
on (placed in “Arm B”, as illustrated in Figure 1-13), in order to produce OH radicals in
the presence of humidified air, following R 1-51. Characterisation of a number of CRM
instruments has been reported by several groups (Sinha et al. 2008, Hansen et al. 2015,
Michoud et al. 2015). Full details on the of the characterisation of CRM instruments is
beyond the scope of this work, however, it should be noted that numerous correction
factors are required during the data analysis procedure, including corrections for changes
in relative humidity within the reactor during the three step measurement procedure,
corrections for NO and NO> which leads to increased formation of OH by reaction of
NO with HO; (HO: is produced within the reaction cell by R 1-52), and correction for

deviations from pseudo first order conditions.

Since the CRM technique was first described in the literature, a number of groups have

also developed instruments based on the original glass reaction cell design, with many
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of them using glass reaction cells built by the Max-Planck-Institut fiir Chemie (Mainz,
Germany). Table 1-15 gives details of a number of CRM instruments that have been
developed to date. Sinha et al. (2008) first described the CRM instrument for OH
reactivity measurements, with Nolscher ef al. (2012) describing an alternative method
for monitoring the pyrrole concentration by GC-PID. The use of GC-PID as a detector
for pyrrole in CRM instruments provides a number of advantages over the PTR-MS,
mainly its reduced cost, reduced running costs and that it is considerably smaller than the
PTR-MS systems, making it easier to transport for field measurements. A summary of
the use of the CRM-GC-PID system is given by Nolscher et al. (2012), where
measurements were compared to, and shown to be in good agreement with, a
CRM-PTR-MS instrument system. This comparison of the two detector systems included
laboratory, plant chamber and boreal forest measurements. A CRM-GC-PID system is

also in development at the Finnish Meteorological Institute (FMI), Finland.

Instrument Limit of detection

Group References
Detector /st
MPI, Mainz, Germany GC-PID 3 (Nolscher et al. 2012)
MPI, Mainz, Germany PTR-MS 3 (30) Williams et al. (2016)

NCAR, Boulder CO,

USA PTR-MS 15 (30) (Kim et al. 2011)
FMI, Finland GC-PID Not Available Not Available
Mines Douai, France PTR-MS 3 (30) Michoud et al. (2015)
LSCE, France PTR-MS 3 (30) Zannoni et al. (2016)
IISER, India PTR-MR 4.5 Kumar and Sinha (2014)

Table 1-15: Comparison of CRM instruments for the measurements of OH reactivity.
GC-PID = Gas Chromatography photoionisation detector, PTR-MS = proton transfer mass
spectrometry.

1.8.2 Total OH Loss rate Measurement

The total OH loss rate measurement (TOHLM) for measuring OH reactivity was first
described by Kovacs and Brune (2001). A schematic of a TOHLM instrument is shown
in Figure 1-14. In this method, OH radicals are generated in the flow tube of the

instrument via the photolysis of water vapour by a mercury pen ray lamp (R 1-51 and
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R 1-52), housed within a moveable injector. Reactive species sampled from ambient air
react with the OH radicals within the flow tube, with the OH radicals being detected by
LIF.

Ambient air He To blower
OF AT 1S Inlets for o Iﬂmrl Flow tube
in probes
Na/HA0 i 1 11 n oo
T T, | — oM Multipass FAGE
[ —— detection system
[ ¥ *0H ¥
~ 0 . :
ff Turbulizer I:
Injector suppaort
Inbet for additional I P Adapier block
reactant 16
[njector wib Pitot-static diffierential
iube PTEssUne SEns0r

Figure 1-14: Schematic of a TOHLM instrument for the measurement of OH reactivity,
reproduced from Hansen et al. (2014).

The injector is moved forwards and backwards within the flow tube in order to alter the
time for the reaction of the OH radicals with OH reactive species present in the sampled
gas. The OH radical signal is measured continuously over the forwards and backwards

movement of the injector in order to build up a decay.
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Figure 1-15: Example of data recorded by the Indiana University TOHLM instrument for the
measurement of OH reactivity, reproduced from Hansen ef al. (2014). Red crosses show
data from the injector moving in the forwards direction and red circles show data from the
injector moving in the backwards direction.

An example of data recorded from a TOHLM instrument is given in Figure 1-15. A linear
fit to the natural logarithm of the data yields and OH reactivity value, in this case a value

of 16.4 s was obtained (Hansen et al. 2014). The reaction time (x-axis) correlates to the
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injector position within the instrument. The first set of data points in this plot are not used
in the analysis as the OH in the flow tube is not completely mixed at these short reaction

times (<50 — 60 ms).

OH Detection Limit of K onpnysican
Group References
Method Detection / s™! /¢l
Pennsylvania State Mao et al.
o LIF 0.3 (20) 2.0+03
University, USA (2009)
Indiana University,
) Hansen et
Bloomington IN, LIF 0.7 (10) 3.6+0.2
al. (2014)
USA
University of Leeds, Ingham et
i LIF 2 1.6+04
UK al. (2009)
German Weather Not Not
CIMS Not Available
Service Available Available

Table 1-16: Comparison of a number of TOHLM instruments for the measurement of OH
reactivity. ‘Instrument no longer in use.

1.8.3 Laser Flash Photolysis coupled with Laser Induced Fluorescence

The laser flash photolysis coupled with laser induced fluorescence (LFP-LIF) method for
measuring OH reactivity was first described by Sadanaga et al. (2004). In this method,
OH radicals are produced in a flow tube via ozone photolysis (R 1-53). O('D), produced
in R 1-53, and subsequently reacts with water vapour present in the sampled gas flow to

give two OH radicals, R 1-54.
03 + hvg=2660m) — 02 + O('D) R 1-53
o('D) + H.0 — 20H R 1-54

The OH radicals produced in the flow tube of the instrument react with any OH reactive
species present in the sampled gas flow; the OH decay signal is detected by LIF and
recorded in real time. A more detailed description of the LFP-LIF method for the
measurements of OH reactivity, and specific details on the Leeds LFP-LIF instrument

will be given in Chapter 4.
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Limit of Instrument
Group References
Detection / s™! zero /s
Tokyo Metropolitan Sadanaga et al.
o Not reported 2.8
University, J