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Abstract

A photo-fragmentation laser induced fluorescence instrument coupled to an aerosol
flow-tube was validated and calibrated for the measurement of HONO from sub-
micron aerosol surfaces. The production of HONO from illuminated TiO, aerosol
surfaces in the presence of NO2 was investigated and the reactive uptake coefficient
of NO to form HONO for NO2 mixing ratios of 34 — 400 ppb was found to be in the
range of yyo,-mono= (9.97 = 3.51) X 10% at 286 ppb to a maximum of

Yno,onono = (1.26 £ 0.17) x 10 at 51 ppb NO; for a lamp photon flux of

(1.65 + 0.02) x 10 photons cm™ s, The reactive uptake of NO2 to form HONO on
TiO, was found to increase with NO2 mixing ratio to ~ 51 ppb NO2, followed by a
decrease with further increase in NO,. Box modelling studies supported a mechanism
involving two NO2 molecules per HONO molecule formed, suggesting the formation

of an NO- dimer intermediate on the surface of the aerosol.

Using the maximum experimental value of yyo,-nono, @ production rate of HONO

for Beijing Summertime was estimated to be 1.70 x 10° molecules cm? s
(~24.8 ppt hr't). From the calculated net gas phase production of HONO for the same
conditions (~3.8 ppb hr?) it was concluded that production of HONO from TiO>
aerosol surfaces in the presence of NO2 would have little effect on the overall HONO

budget for Summertime in Beijing.

In the absence of NO-, the production of HONO from ammonium nitrate aerosols was
investigated due to recent studies proposing particulate nitrate photolysis as an
important source of HONO and hence NOy following photolysis (renoxification) in
the marine boundary layer. Significant production of HONO from pure ammonium
nitrate aerosols was not seen. However, with the addition of TiO2 in a 1:1 mixture with
ammonium nitrate, the production of HONO observed was significant. Using
experimental results for mixed TiO2/ammonium nitrate aerosol experiment, a rate of
HONO production from nitrate photolysis for ambient marine conditions was
calculated to be 68 ppt hr?, taking Cape Verde in the tropical Atlantic Ocean as an
example of such environments. This is a significant rate of production of HONO, with
a magnitude similar to the missing HONO production rate calculated in the RHaMBLe

campaign which took place at Cape Verde in 2007.



A Potential Aerosol Mass chamber was built and characterised for the production of
secondary organic aerosols (SOA) from oxidation of volatile organic compounds
(VOC). The effect of changing the concentrations of limonene and Oz on the size
distributions of SOA was investigated, with size distributions for SOAs derived from

a-pinene and limonene with both Oz and OH as the oxidants compared.

The PAM chamber was coupled to an aerosol flow tube system and was validated
against previous observations for the measurement of HO, uptake onto aerosol
surfaces. The uptake of HO, onto limonene-derived SOA was measured with an
interference observed, postulated to be due to RO species coming off the SOA surface
after the charcoal denuders. Trace amounts of limonene after the denuders and OH
from the sliding injector (formed as a bi-product of water photolysis for the generation
of HO>) were also found to be present within the flow tube leading to a production of
peroxy radicals as the injector was pulled back due to VOC + OH reactions. With the
addition of a Gas Chromatography (GC) trap after the denuders which significantly
reduced any interference seen, though to an unknown extent, a decay of HO: in the
presence of limonene-derived SOA was observed and uptake coefficients of
Yno,= 0.10 + 0.03 and yp0,= 0.15 + 0.03 were measured for 22 % and 58 % RH

respectively at atmospheric pressure and 298 K.

Using a novel parameterisation by Song et al., 2020, the uptake coefficient of
HO2, Yuo,, Was calculated using measured values of temperature, RH, aerosol pH,
aerosol liquid water content (ALWC), particulate matter concentration ([PM]) and
[Cu?*]et for Beijing Summer AIRPRO campaign in 2017. For the entire campaign, the
average HO uptake coefficient calculated was 0.070 + 0.035 (1c) with values ranging
from as low as 0.002 to as high as 0.15, though still significantly lower than the value
of yyo,= 0.2, commonly used in modelling studies. Using the calculated values of
Yno, for the Summer AIRPRO campaign, the OH, HO2 and RO; radical concentrations
were calculated using a box-model incorporating the Master Chemical Mechanism
(v. 3.3.1), with and without the addition of aerosol uptake, and compared to the
measured concentrations. The effect of HO, uptake onto aerosols was investigated
using 2 models: MCM_apinene_SA with yy,, fixed at 02, and
MCM_apinene_gamma with the values of vy, calculated by the Song

parametrisation. A rate of destruction analysis showed the dominant loss pathway for

v



HO> to be HO2 + NO for all NO concentrations across the campaign with HO, uptake
contributing < 0.3 % to the total loss of HO>, as expected for a polluted urban location.
However, at low NO r, i.e. < 0.1 ppb NO, up to 78 % of HO> loss was due to HO>
uptake within MCM_opinene_SA (yyo,= 0.2) and up to 28 % of HO> loss was due to
HO: uptake within MCM_ apinene_gamma, despite the much lower yy,,values
compared to y0,0f 0.2. From this, it can be concluded that in cleaner environments
away from urban centres with high concentrations of NO but where aerosol surface
area is high still, values of y,, of less than 0.2 could still have a significant effect on

the overall HO; concentration.
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Figure 3.8. Schematic of the Spectron Laser Systems Nd:YAG 1064 nm laser and

optics used for the generation and delivery of 355 nm light to the OH detection cell.

Figure 3.9. Schematic of the detection cell and the aerosol flow tube. The gas
expansion through the pinhole into the central axis of the cell is shown. The photolysis
laser (blue) and the probe laser (light blue) are fired perpendicular to each other but

also perpendicular to the collection optics and detector. Image adapted from Boustead,

Figure 3.10. Schematic showing the data acquisition cycle for the PF-LIF instrument
measuring HONO after fragmentation to OH. PCC: photon counting card, MCP:
multi-channel plate. Shaded regions show when MCP and PCC are both on and data
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is being collected. The photolysis laser pulse is shown in blue and OH signal following
the probe laser firing is shown in purple (OH fluorescence signal) and red (laser scatter

SIONALY . ¢t 94

Figure 3.11. Example data acquisition cycle with OH background not subtracted. All
counts before photolysis laser trigger (shaded orange) at ~ 160 ps can be treated as a
background signal in the cell from either laser scatter from the 308 nm probe laser,
residual OH plasma from the previous 355 nm laser fire in the previous run or any
HONO impurities present in the cell. The dip in the OH background at ~ 80 us (shaded
purple) is an artefact of the photon counting card (PCC) which was always present and
was ignored during analysis. The peak after the photolysis laser fire (shaded blue) was
due to OH formed from fragmentation of HONO, either from production on aerosols,
impurities in the nitrogen or NO2 cylinders or from formation on the walls of the cell
or in the Teflon tubing. This signal then dropped off rapidly. Immediately following
the peak at ~ 160 ps a broad peak due to OH plasma formed in the cell can be seen
(shaded green). This peak changed as a function of RH. The signal then returned to
the OH background level (Shaded 0range).........cccoveererininiinieee e 96

Figure 3.12. Schematic of the OH calibration set-up using the OH calibration wand.
Humidified air at 40 Ipm is flown down the calibration wand past a collimated light
source towards the pinhole of the FAGE cell. Exhaust tube is used to take excess flow
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Figure 3.13. Dependence of OH signal normalised to laser power on [OH]. Error bars
represent =16 with the linear least squares fit shown in red. The gradient (i.e. the
calibration factor) is in units of counts s mW-?! molecule™ cm? and the intercept is in
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Figure 3.14. HONO calibration set up using a non-collimated light source. Humidified
nitrogen flow containing NO, 20 Ipm, was flown into a glass wand and past non-
collimated mercury lamp to generate HONO in large concentrations which flows over
the pinhole. Exhaust tube used to remove toxic NO excess flow. ..........c..cccccvenenee. 101

Figure 3.15. Example of Oz actinometry showing the linear relationship between [Os]
/ ppb and lamp current / mA. Error bars show 1c. Value at 2 mA is a slight outlier due
to flickering of the lamp at [oOW CUITENT. .......oooviiiiiiiie 102
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Figure 3.16. Example of HONO calibration using Oz actinometry showing the
relationship between the HONO counts and the [HO] / molecules cm™. Crono for this
calibration was (3.63 = 0.51) x 10 counts mW-! molecule™ cm?3. Linear least squares
fit shown in red with the dashed lines showing the 68 % confidence limits. The
intercept is in units of counts MW7 and the gradient of the slopes are in counts mw-?

MOIECUIE™ CMB3. THE EITOTS AT€ 16, tvevvevereeereeeeereeeeeeeeeereereeeseeeseesresseeeessereeesrereenens 104

Figure 3.17. NOy profile with time during NOz actinometry. The illuminated periods
are shaded in pink, with NO> (red) decreasing during these periods due to photolysis
and NO (black) increasing. As the experiment progressed increasing known

concentrations of NO2 were added in a Stepwise Manner. .........ccccoocevereneneneeneenns 107

Figure 3.18 UVA emission spectrum for the 15 W bench lamp used in these
experiments between 290-400 nm. The integrated photon flux over this wavelength
range is (1.65 + 0.02) x 10'® photons cm™ s determined from the measured j(NO-)
0f (6.43 £0.30) X 103 S oo, 108

Figure 4.1. Dependence of HONO production on TiOz aerosol surface area. [NO2] =
200 ppb, RH = 15 + 1 %, illumination time = 52 s, photon flux = (1.63 + 0.09) x 10%®
photons cm™ s, in N, at 295 + 3 K. Errors + 1o showing variation in HONO signal.
The non-zero intercept was due to HONO produced from the walls of the system

without the presence of an aerosol SUrface ..........ccccveeieie v 111

Figure 4.2. HONO concentration measured at the end of the flow tube as a function
of the initial NO2 concentration, for the aerosol surface area density of (1.6 = 0.8) x
102 m?m3, relative humidity 15 + 1 %, photon flux (1.63 + 0.09) x 10%® photons cm-
2 51 (290-400 nm wavelength range), reaction time of 52 seconds and N carrier gas.
Each point is an average of up to 20 measurements at the same aerosol surface area
and NO:z concentration. The highest average concentration of HONO measured for the
aerosol surface area density in this plot was 0.90 + 0.12 ppb at [NO2] = 54 £ 5 ppb.
The x error bars represent the sum in quadrature of the errors in the N2 and NO> gas
flows and the NO: dilution. The y error bars represent 1c. The SA varied over the

experiments at different NO concentrations leading to a larger error in the quoted SA.

Figure 4.3. RH dependence of HONO production from illuminated TiO2 aerosol
surfaces at 298 K in Nz at 71 (black) and 170 (red) ppb initial NO2 concentration.
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Aerosol surface area density was kept constant at (1.59 + 0.16) x 102 m?>m. Photon
flux = (1.63 + 0.09) x 10 photons cms2, illumination time = 52 + 2 secs. The error

DAIS FEPIESENT L0, ..eveeiieieiee sttt ettt et e st e e esraenaeeneesreene e 113

Figure 4.4. Monolayers of water on the surface of TiO at 298 K as a function of %

RH calculated using parameterisation by Goodman et al., 2001.............ccccevveeneee. 114

Figure 4.5. Typical aerosol surface area distribution for single component TiO;
aerosols (RH = 15 + 1 %) measured after the flow tube. Total surface area is 0.018 m?
13, ettt ettt ettt et a et s ettt st 116

Figure 4.6. Pseudo-first-order rate coefficient for HONO production, k (open circles)
as a function of aerosol surface area for [NO2]=200 ppb and RH=15+1 %, T =293 +
3 K and a photolysis time of 52 + 2 seconds. The red line is a linear-least squared fit
including 1o confidence bands (dashed lines) weighted to both x and y errors (1s), the
gradient of which yields yNO2 - HONO = (2.17 + 0.09)x 107, with the uncertainty
representing (1s). The total photon flux of the lamp = (1.63 + 0.09) x 10® photons

Figure 4.7. Experimental results for the reactive uptake coefficient of NO to form
HONO on TiOz aerosol surfaces, yNO2 - HONO, as a function of initial NO>
concentration. All experiments conducted in N2 at 15 £ 1 % RH and 295 K. Photon
flux = (1.63 + 0.09) x 10 photons cm™ s, illumination time = 52 + 2 seconds. The
uptake coefficient was determined from the gradient of the pseudo-first order rate
coefficient, k, versus aerosol surface area density varied from 0- ~0.04 m?m3, using
BAUALION EQ 4.5, oottt 119

Figure 4.8. Time series of HONO / counts throughout an experimental day with
HONO produced with UV lamps on (black circles) i.e. production from illuminated
TiO2 surfaces, and with UV lamps off (red circles) i.e. HONO background in the
lines/reacting off the walls of either the cell or the flow-tube. The gradient and
intercept of the lamp off HONO dark trend was removed from the illuminated HONO
data values to offset any varying background.............ccccooviiiiiiniiince, 123

Figure 4.9. Model 1 calculations for (a) the concentration of HONO and (b) the
reactive uptake coefficient to form HONO, yNO2 — HONO, as a function of NO>
mixing ratio for a model run time of 52 s. The estimated rate coefficients used in this

model are Shown iN Table 4.3, ..o 127
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Figure 4.10. Schematic diagram of proposed light-driven mechanism of HONO
formation via the adsorption of NO2 and subsequent dimerization on an aerosol surface
in the presence of water. Loss reactions of HONO dependent and independent of NO>
are also shown. Both Eley Rideal, Model 2, and Langmuir Hinshelwood, Model 3,
mechanisms are shown with relevant estimated and calculated rate coefficients used
also shown, detailed fully below. Nitrogen shown in black, oxygen shown in red and
hydrogen shown in blue. * denotes intermediate steps of the isomerisation of
symmetric N2O4 to trans-ONO-NO2 which is then predicted to form HONO. Image
taken from Dyson et al., 2021, .........coviieiieiecc e 130

Figure 4.11. Experimental values (open circles with 1s error bars), Model 2 (green
line) and Model 3 (pink line) calculations for (a) HONO concentration after 52 s
illumination and (b) NO2 reactive uptake coefficient, yNO2 — HONO, as a function
of the initial NO2 mixing ratio. The mechanisms used for these model runs included a
2:1 stoichiometric relationship between the NO2 adsorbed on the TiO> aerosol surface
and the HONO produced, as well as additional HONO loss reactions which are
dependent on NO2, see Table 1 for details. Models 2 and use an Eley-Rideal and
Langmuir-Hinshelwood mechanisms, respectively, for the formation of the NO- dimer
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Figure 4.12. Dependence of the HONO concentration generated as a function of
aerosol surface area density for pure NH4sNO3z aerosol (black open squares, error bars
represent 1s) and 1:1 TiO2/NHsNO3z mixed aerosol (red open circles, error bars
represent 1c). Both experiments were performed in Nz at 295 K, an illuminated
residence time of 30 s, and a lamp photon flux of (8.29 + 2.39) x 10% photons cm? s
! The NHsNO; only experiment was performed at ~50 + 5 % RH while the
TiO2/NH4NO3 mix experiment was performed at 20 + 2 % RH. For all points, the
background HONO seen observed without illumination has been subtracted. At zero
aerosol surface area density there is no HONO generated from the walls of the flow
tube. The variation in HONO produced for the mixed nitrate dust aerosol was thought
to be due to the difficulties that arose from TiO, and ammonium nitrate not being

completely miscible with TiO> tending to precipitate out of solution. .................... 140

Figure 4.13. Dependence of [HONQOY] on the nitrate content within the aerosol phase,
calculated using the AIM model for the mixed nitrate/TiO2 experiment. From the

gradient of this plot, j(pNOs) was calculated to be (3.29 + 0.89) x 10 s, Experiment
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performed at 15 £ 1 % RH, in N2 at 295 K with a lamp photon flux of (8.29 £ 2.39) x
10 photons cm s. For all points, the background HONO seen observed without

illumination has DEEN SUDTIACIEU. .......cooie e 142

Figure 5.1. First steps in the ozonolysis of a-pinene. The addition of ozone across the
double bond of a-pinene creates a primary ozonide which breaks apart to a Criegee
intermediate (ClI). The Criegee intermediate can then undergo a 1,4 H-shift to form a
vinyl hydroperoxide (VHP). VHP can then rapidly lose an OH radical to form the
vinoxy radical (radical centre indicated by the black dot) which forms an RO> radical
when O is present. Figure reproduced from lyer et al., 2021. .........ccccccvvvrvvennnne. 152

Figure 5.2. a) average particle number size distributions (cm), b) average aerosol
surface area size distributions (m? m) and c) average volume size distribution (nm?®
cm™®) of a-pinene-derived SOAs averaged over 5-10 runs for each initial a-pinene
concentration of 4.5 ppm (green), 9 ppm (blue), 22 ppb (red) and 44 ppm (black) for
an ozone concentration of 8 ppm. Experiment done in air. Temperature = 24 + 2 °C,
PreSSUIe = 760 TOIT......oiiieiiiieieie sttt 154

Figure 5.3. a) average particle number size distributions (cm), b) average aerosol
surface area size distributions (m? m) and c) volume size distribution (nm?® cm) on
2 different experimental days (purple circles represent day 1 and green circles
represent day 2), averaged over 5-10 runs, showing that reproducible size distributions
can be generated using the PAM chamber. Initial a-pinene concentration =9 ppm, O3
concentration = 8 ppm. Total particle number was (5.07 + 0.02) x 10° cm™ and (4.58
+0.03) x 10° cm3, for day 1 (pink) and day 2 (turquoise) respectively. Total aerosol
surface area was (5.94 + 0.04) x 10 m? m= and (5.68 + 0.06) x 10 m? m?, for day
1 (purple) and day 2 (green) respectively. All experimental conditions kept the same.
Temperature = 24 £+ 2 °C, Pressure = 760 Torr. Errors shown are 16.......c..ccocu..... 156

Figure 5.4. a) average particle number size distributions (cm), b) average aerosol
surface area size distributions (m? m=) and c) volume size distribution (nm® cm®) of
limonene-derived SOAs, averaged over 5-10 SMPS runs, for fixed initial limonene
concentrations of 1.7 ppm, ozone concentrations of 0.5 ppm (dark blue), 1.35 ppm
(light blue), 2.21 ppm (light purple) and 2.85 ppm (purple). RH = 14 + 4 %, pressure
=760 Torr, temperature = 24 + 2 °C. Errors repreSent 16.......ccccevvververieeniennnnne 158
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Figure 5.5. a) average particle number size distributions (cm), b) average aerosol
surface area size distributions (m? m) and c) volume size distributions (nm?3 cm) of
limonene-derived SOAs, averaged over 5-10 SMPS runs, for fixed Oz limonene
concentrations of 1.35 ppm, initial limonene concentrations of 0.43 ppm (red), 0.86
ppm (pink), 1.71 ppm (orange) and 3.85 ppm (yellow). RH = 14 + 4 % RH, pressure

=760 Torr, temperature = 24 £ 2 °C, flow rate = 4 Ipm. Errors represent lo......... 160

Figure 5.6. a) average particle number size distributions (cm), b) average aerosol
surface area size distributions (m? m) and c) volume size distribution (nm® cm) of
OH-initiated limonene-derived SOAs, averaged over 5-10 SMPS runs, for fixed initial
limonene concentration of 1.71 ppm, with one 254 nm lamp (light green), two lamps
(dark green), three lamps (grey) and four lamps (black). Oz concentration = 1.35 ppm,
RH = 14 + 4 %. Temperature of the chamber increased from 24 £ 2 °C to 60 + 5 °C

during the experiment. Pressure = 760 Torr, flow rate = 4 Ipm. Errors represent lc.

Figure 5.7. a) average particle number size distributions (cm), b) average aerosol
surface area size distributions (m? m) and c) volume size distributions (nm?® cm) of
OH-initiated limonene-derived SOAs, averaged over 5-10 SMPS runs, for two 254 nm
lamps, with 0.43 ppm (pink), 0.86 ppm (purple), 1.71 ppm (blue) and 3.85 ppm
(orange) initial limonene concentration. RH = 14 + 4 % RH. Pressure = 760 Torr,
temperature of PAM chamber = 60 £ 5 °C, flow rate = 4 Ipm. Errors represent 1c.

Figure 5.8. Comparison of a) particle number size distribution (cm?), b) aerosol
surface area size distributions (m? m=) and c) volume size distributions (nm?3 cm3) for
Os-initiated (black circles, left axis) and OH-initiated (red circles, right axis) limonene
SOA formation. Limonene concentration = 1.71 ppm, Oz concentration = 1.35 ppm.
RH = 14 £ 4 %. Note the right axes for particle number and surface area are 1 and 2
orders of magnitude larger than the respective left axes due to more aerosols in the
case of OH initiated oxidation. Errors ShOWn are 16. ......ccccoccevvveveeiesieennceseennen, 168

Figure 6.1. HO> signal decay with injector distance, kwai, due to loss to the surface of
(NH4)2S0s aerosols in the flow tube. Aerosol surface area = 0.006 + 0.0002 m? m,
By plotting INnHO> vs t (calculated from injector distance and flow rate), a kons value
0f 0.11 572 can De CAICUIALET. .......cvvvececeeieieece ettt 171
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Figure 6.2. First order rate coefficient, £’(s*) following Brown correction, as a
function of aerosol surface area (m?m) for (NH4).SO4 aerosols at 65 % RH (red
circles) and 73 % RH (black circles). Error bars represent 1 . Gradients give yHO2of
0.037 £ 0.008 for 65 % RH and 0.010 £ 0.002for 73 % RH. ......cccooovvvivireieinen, 172

Figure 6.3. Comparison of FAGE signals with and without aerosols present. a) shows
the HO> decay signal as injector is pulled back from 30 -70 cm due to wall loss (blue).
b) shows the equivalent with the presence of limonene-derived secondary organic
aerosols formed via ozonolysis. Shaded orange regions show the OH background
signal when NO flow and HO> injector lamp is off. Any signal here is dark counts and
laser scatter from 308 nm laser. Shaded red regions show the NO background when
HO- injector lamp is off but NO flow is on at 50 sccm. This is the signal from any
interfering species in the NO gas cylinder, potentially HONO. Ideally this should be
as close to OH background as possible. Blue shaded region shows the laser online
signal with NO flow and HO> generation on. The slight dips in signal when the injector
is moved are assumed to be due to a small quantity of lab air (and therefore trace
amounts of NO) being introduced via the injector inlet and decreasing the HO>
concentration within the flow tube. ... 174

Figure 6.4. FAGE OH signal (counts s) at different injector positions (cm). No NO
was present for this experiment but the injector lamp was on and as such OH but not

HO, was measured by the FAGE cell. Error bars represent 16.........ccccoevvvvvenne. 176

Figure 6.5. Signal time series showing the effect of adding denuder in the series to
remove limonene. Condition 1: No limonene added to flow, the HO> signal, i.e. wall
loss decay, decays from ~ 450 — 420 counts when the injector is pulled back from 30
— 70 cm. Condition 2: limonene added to the flow with no denuder in place. Signal
increases to ~720 counts. Production of radicals (interference A) seen when injector
pulled back from 30 — 70 cm in comparison to condition 1. Slight increase in NO
background in comparison to condition 1. Condition 3: Limonene added to the flow,
one charcoal denuder in place. Signal decreases back to approximately counts seen in
condition 1. NO background is the same for condition 2 and 3. Shaded orange regions
show OH background when NO flow and HO: injector lamp was off. Shaded red
regions show the NO background when HOz injector lamp is off but NO flow is on at

50 sccm. Blue shaded region shows the online signal with NO flow and HO:

XX



generation on. Shaded grey region shows laser offline. No Oz was present for this
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Figure 6.6. Comparison of FAGE signal without aerosols present, with SOA removed
and with SOA present. a) shows the HO> wall loss decay signal as injector was pulled
back from 30 — 70 cm. b) shows FAGE signal with SOA removed by HEPA filters vs
when SOA is not removed. It is possible that denuders do not fully remove any gas
phase RO2 species or other highly oxygenated molecules and that these could be
causing an interference. The shaded orange region shows OH background when NO
flow and HO; injector lamp was off. Shaded red regions show the NO background
when HO- injector lamp is off but NO flow is on at 50 sccm. This is the signal from
any contaminants in the NO lines or cylinder. Ideally this should be as close to OH
background as possible. An interference in NO background is seen however when
SOA s are present. Blue shaded region shows the online signal with NO flow and HO-

generation on. Shaded grey region shows laser offline..........c.cccccooeviiviiiiienenn, 179

Figure 6.7. Top panel shows the NO dependence of HO. signal (purple circles) and
interference B signal when SOAs are present (red circles) and the NO flow is on but
HO- injector lamp is off i.e. no HO2 generation, between 0-65 sccm. Bottom panel
shows the dependence between 0-10 sccm. Typical experimental NO flow used to
convert HO, to OH in detection cell for the uptake of HO> onto SOA experiments was
50 sccm, cell pressure was 1.3 Torr. Error bars represent 16. ........cocevvvvvviienennn, 181

Figure 6.8. Comparison of FAGE signal a) before “cleaning” PAM chamber and b)
after “cleaning” PAM chamber. Blue shaded regions show the online signal with NO
flow and HO> generation on with injector pulled back from 30 — 70 cm. In both a) and
b) a production signal is seen where a decay would be expected (interference A).
Shaded red regions show the NO background when HO> injector lamp is off but NO
flow is on at 50 sccm (interference B). This signal is should be ~5-10 counts mW= s°
! however interference B, present only when SOAs are present, is artificially
increasing this background. This interference is lower in b) after the PAM chamber
was cleaned. Interference A (shaded in blue) with NO and injector lamp on was also

lower in counts after the PAM chamber was cleaned. ... 184
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Figure 6.9. Increase in interference B signal throughout an experimental day
providing strong evidence that interference is due to a build up/aging of products in
the PAM CRAMDET. .....ooiiiie et 185

Figure 6.10. Example of HO> decay with injector distance for wall loss experiment
(grey circles) and with the presence of limonene-derived SOAs (red circles, aerosol
surface area of 2.64 + 0.05 m? m). Experiment done at 22 + 2 % RH. ................. 186

Figure 6.11. First order rate coefficient, £k’ (s), after the Brown correction, plotted
against aerosol surface area (m? m=) for limonene-derived secondary organic aerosols
formed by reaction with Oz. RH = 58%. Uptake coefficient of HO; of 0.15 + 0.03

calculated from the gradient. Error bars repreSent 1 6......cccvevvveveeieeviesieseesiesiesnnn 186

Figure 7.1. Average median diurnal profile for measurements of j(O!D) (s?), O3
(ppbv), HONO (ppbv), NO (ppbv), NO2 (ppbv) and CO (ppbv) for the Summer
AIRPRO campaign. The dashed lines represent the 25/75™ percentiles. Diurnals show

60 minute averages, taken over the entire measurement period. ..........c.c.ccccvevennenn 193

Figure 7.2. Average median diurnal for (a) measured (black) and modelled (blue) OH
radical concentrations, (b) measured (black) and modelled (red) HO. radical
concentrations, and (c) measured (black) and modelled (green) total RO radical
concentrations. All model outputs shown are for MCM-base runs. 25™/75" percentiles
in measured concentrations shown as shaded regions. Diurnals show 60 minute

averages, taken over the entire measurement pPeriod. ..........ccooererenenenenesneeeenn, 196

Figure 7.3. The ratio of measured/modelled for MCM_base for a) OH (blue), b) HO,
(red) and ¢) RO2 (green) binned over the range of NO concentrations for the Summer
AIRPRO campaign. Solid lines show the median average radical concentrations while
dashed lines show the 25M/75™ PErcentile..........ccocevevvveeveceeieeeeeeeeeeee e 198

Figure 7.4. Simplified mechanism of the oxidation of VOCs. Figure reproduced from
Kroll and Seinfeld, 2008. ...........ccoooiiiiiieieeee e 200

Figure 7.5. Average diurnal comparison of measured and modelled (a) OH, (b) HO>
and (c) RO2 values from both the MCM _base (light blue) and MCM _apinene (dark
blue) models. The diurnals show 60 minute averages, taken over the entire
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Figure 7.6. The ratio of measured/modelled a) OH, b) HO2 and ¢) RO, for MCM-base
(light blue) and MCM-apinene (dark blue) models binned over the range of NO
concentrations for the Summer AIRPRO campaign. Solid lines show the median
average radical concentrations while dashed lines show the 25%/75" percentile. ...202

Figure 7.7. Average median diurnal of aerosol surface area (cm® cm) for summer

AIRPRO campaign. Averaged Up t0 15 MINS. ....ccovviiieiieie e 204

Figure 7.8. Average median diurnal comparison between measured and modelled OH,
HO: and RO values from both the MCM_apinene (blue) and MCM_apinene_SA
(orange). All diurnals averaged at a time resolution of 60 minutes. 25"/75" percentile
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Figure 7.9. The ratio of measured/modelled a) OH, b) HO> and c¢) RO for
MCM _apinene (blue) and MCM_apinene_SA (orange) models binned over the range
of NO concentrations for the Summer AIRPRO campaign. Solid lines show the
median average radical concentrations while dashed lines show the 25%/75%
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Figure 7.10. Rate of destruction analysis (RODA) showing the dominant loss
pathways of HO> within MCM_apinene shown as a) a diurnal variation and b) as a

function of NO concentration (as a log plot) for the whole 24 hours a day............. 208

Figure 7.11. Correlation plot of aerosol surface area (cm? cm) against NO2 (orange)
and NO (red) for the Summer Beijing Campaign. ........ccoovvverereneneneneseseeeeeens 210

Figure 7.12. Rate of destruction analysis (RODA) showing the dominant loss
pathways of HO2 within MCM_apinene_SA shown as a) a diurnal variation and b) as
a function of NO concentration (as a log plot) for the whole 24 hours a day. Median
removal of HO by uptake (%) as a function of NO / ppb is also shown as solid black
line, with 251/75™ percentile shown as the black dashed lines. Maximum percentage

removal by uptake is shown as an orange dashed line............ccocovveviiieiecieennee 211

Figure 7.13. Contribution of HO, + NO (orange), HO2 + RO> (green) and HO> uptake
(teal) loss pathways to total HO2 removal in the MCM_apinene_SA model as a
function of NO mixing ratio (log), calculated using rate of destruction analysis.

251/75™ percentile are shown as dashed liNES. ..........cccoveveeeivieeeeeeeee e 213
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Figure 7.14. Time series of measured parameters from Beijing AIRPRO Summer
campaign used to calculate HO. uptake coefficient using the new parameterisation
(Song et al., 2020). Each parameter has been averaged up to a 1 day time resolution to
calculate the uptake coefficient due to measured [Cu®'Jer and [PM] being at this
resolution. The calculated yHO?2 is shown in the bottom panel, for conditions where
measured ALWC was used in the calculation (dashed grey line, right hand axis) in

comparison to when a fixed [ALWC] = 14 ug m= was used (solid black line, left hand

Figure 7.15. Relationship between the calculated [ALWC] / ug m= and the measured
relative humidity (RH) / % for Beijing Summer Campaign. [ALWC] calculated using
ISOPROPRIA model. RH measured with a dewpoint hygrometer. ................c....... 223

Figure 7.16. Dependence of uptake coefficient on aerosol copper concentration,
[Cu]?*esr, focusing on the effect of varying [PM] with fixed [ALWC] and vice versa.
Pink lines show the effect on uptake coefficient of varying [PM] from 5-50 pug m
with a fixed [ALWC] of 10 g cm™.Blue lines show the effect on uptake coefficient of
varying [ALWC] from 10-500 ug m= with a fixed [PM] of 5 ug m™. The copper
concentration range of 104-10° M is relevant for the Summer AIRPRO campaign.
The yellow line shows the effect on the calculated uptake coefficient of varying Cu,
with [ALWC] and [PM] taken as the averages from the Beijing campaign, i.e.
[ALWC] = 14 ug m-3 (fixed in parameterisation as such) and [PM] = 38.8 ug m™.
Dashed black line indicates the average [Cu]?* e for Beijing summer campaign while
the dashed red line indicates the average [Cu]?*es for the Wangdu campaign. Note that
the [PM] and [ALWC] are both higher for Wangdu campaign compared to the Beijing
(02210 T 0T o OSSP USSP 225

Figure 7.17. Average median diurnal comparison for modelled a) OH, b) HO, and c)
RO, radicals from MCM_apinene (blue), MCM_apinene_SA (orange) and
MCM _apinene_SA (lilac) models. All diurnals are averaged at a time resolution of 60

minutes. 251/75™ percentile shown as dashed liNes. ...........ccccvvveeeieeeeseeeeeennns 226

Figure 7.18. The ratio of measured/modelled OH, HO, and RO, for MCM_apinene
(blue) and MCM_apinene_gamma (lilac) models binned over the range of NO

concentrations for the Summer AIRPRO campaign for day-time values only

XXVII



(j(O'D)>1x10% ). Solid lines show the median average radical concentrations while
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1 Introduction

1.1 Atmospheric Warming and Air Quality

Two major concerns facing society in the 21% century are climate change and air
pollution. Since the industrial revolution, anthropogenic emissions of species such as
carbon dioxide (CO>), nitrogen oxides (NOx) and methane (CH4) have been increasing.
CO3, CH4 and water vapour are greenhouse gases which contribute to global warming
through their positive radiative effect, with water vapour being the largest contributor
to the natural greenhouse effect (Myhre et al., 2013). The relationship between
greenhouse gas concentrations and surface temperature since 1850 is shown in Figure
1.1.
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Figure 1.1. Relationship between observations of land and ocean surface temperature, greenhouse
gas concentrations and sea level and the anthropogenic CO. emissions. a) Globally averaged
combined land and ocean surface temperature anomalies relative to the average over the period of
1986-2005. b) Globally averaged sea level change relative to the same period. ¢) Atmospheric
concentrations of greenhouse gases CO: (green), methane (orange) and nitrous oxide (red)
determined from ice core data (dots) and direct atmospheric measurements (lines). d) Global
anthropogenic CO; emissions from forestry and land use in addition to fossil fuel combustion. Image
taken from IPCC 2014 synthesis report (IPCC, 2014).

Radiative forcing is a measure of the net change in the energy balance of the Earth
system due to an imposed perturbation, usually presented as changes between pre-
industrial and present day, and is one of the more widely employed metrics used to
examine how anthropogenic drivers contribute to climate change (Myhre et al., 2013).
An increase in greenhouse gases in the atmosphere, whether due to increased

anthropogenic emission or as a bi-product of increased temperature (for example,



increased water vapour concentrations with increasing atmospheric temperature),
hinders the loss of infra-red radiation from the Earth’s surface to space, skewing the
balance of incoming and outgoing radiation and leading to a warming effect; the
effects of which can be seen in the melting of the polar ice caps, extreme weather, the
acidifying of oceans, the expansion of subtropical deserts and species extinction
(Forster et al., 2007). One of the main reasons for striving to understand atmospheric
chemistry is to be able to predict climate change and contain future warming of the
atmosphere. The radiative forcing effect of various pollutants and aerosols are shown
in Figure 1.2.
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Figure 1.2. Global mean radiative forcing taken from 2013 IPCC report. The effective radiative
forcing (defined by the IPCC as the change in the net top of the atmosphere downward flux after
allowing for atmospheric temperatures, water vapour and clouds) is shown as solid bars whereas the
radiative forcing is shown as hatched bars for the period 1750-2011 (Myhre et al., 2013).
In addition to the warming of the atmosphere, increased anthropogenic emissions have
led to a deterioration in air quality: a concern due to the serious long term negative
health effects seen as a product of poor air quality and the other main reason for having
a thorough understanding of atmospheric chemistry. Exposure to high levels of
pollution can lead to premature death from respiratory diseases, cardiovascular
diseases and cancer (Brauer et al., 2016;Gakidou et al., 2017). As well as having a
negative effect on human health, a decreased standard of air quality can have

undesirable effects on the environment, such as an increase in acid rain leading to an



increase in acidic species in soil which leads to damaged vegetation and a reduction

in crop yield (Forster et al., 2007).

In many regions the three most important pollutants in terms of human health are
ground level ozone, NOy and particulate matter. NOx (NO. and NO) is released into
the atmosphere as a product of combustion and is a major pollutant leading to poor air
quality and the formation of photochemical smog. Nitrogen dioxide (NO>) is formed
by the reaction of nitrogen monoxide (NO) with an oxidising species in the
troposphere, such as HO>, leading to the formation of the hydroxyl radical (OH) (Ye
et al., 2017a). NO, can also be directly emitted from high temperature combustion
engines. An increase NOz in the atmosphere and therefore in photochemical smog has
led to an increase in respiratory problems such as asthma (IPCC, 2014). In the
troposphere, the dominant oxidising species involved in the formation of NO is ozone
(O3). While stratospheric ozone provides a protective blanket for the earth against
harmful UV radiation and excessive planetary heating, ground level ozone is toxic to
both humans and plant life. Tropospheric ozone causes damage at a cellular level,
impairing cellular function. Additionally ozone reduces the carbon assimilation of
trees leading to deforestation and the potential for future food shortage (Kinney, 2008).
In the short term, these pollutants can all cause shortness of breath and pain breathing,
coughing, throat irritation and inflamed respiratory tracts as well as increased risk of
complications for pre-existing respiratory conditions (Kinney, 2008).

Aerosols and particulate matter are also major contributors to poor urban air quality.
Aerosols are liquid or solid particles suspended in a gas and have both natural and
anthropogenic sources with particles below 10 um in size, known as PMzio, being
hazardous to human health. PM1o can travel into the bronchi and cause lasting damage
to the inside of the lungs. However, particles below 2.5 um in diameter, PM2 s, can get
into the bloodstream and cause damage on a cellular level (IPCC, 2014). In 2016, the
WHO stated that indoor and outdoor air pollution was responsible for an estimated 7
million deaths globally, with 91% of the world’s population living in places where the
air quality exceeds the WHO guideline limits (GBD 2015 Risk Factors Collaborators,
2016). Aerosols also play in a role in the warming and cooling of the atmosphere due
to their ability to act to both absorb and scatter IR radiation, meaning they have both

a positive and a negative radiative forcing effect.



1.2 Tropospheric Oxidation Chemistry

1.2.1 The HOxCycle

The hydroxyl radical (OH) and the closely coupled hydroperoxyl radical (HO>),
known collectively as HOx radicals, are known for their role in the chemical oxidation
processes in the atmosphere therefore making them vital species when considering
climate change and air pollution. The OH radical is the main daytime tropospheric
oxidant, with a major role as a source of tropospheric ozone (O3) (Levy, 1971) and as
a sink for atmospheric pollutants and radical species, making OH radical concentration
critical in determining the oxidation capacity of the atmosphere. Trace gases, of which
methane is a prime example, are removed from the atmosphere by OH, giving it the
name of the “atmospheric detergent”. However, the OH radical also has a role in the
formation of secondary pollutants such as tropospheric ozone and secondary organic
aerosols (SOAs), formed via the oxidation of volatile organic compounds (VOCs).
Understanding the sources and sinks of OH, and HO», within the atmosphere is
therefore crucial in order to fully understand the concentration and distribution of trace
atmospheric species associated with climate change and poor air quality. The HOx
cycle showing the main production, loss and regeneration of OH is shown in Figure
1.3. Note the role of nitrogen oxides (NOy) within the HOy cycle. These pathways will

dominate in urban, high NOx environments.
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Figure 1.3. Schematic of the HO cycle showing the major production and destruction pathways of
tropospheric oxidants, OH and HO..

The OH radical is formed primarily from the photolysis of Oz at A<340 nm followed
by the reaction of O (!D) with H2O):

A<340 nm
03 +hv —— 0 (*D) + 0, R1.1

0 (!D) + H,0 - 20H R1.2

The majority of the excited O (D) state formed will be quenched back to its ground
O (°P) state, by an inert gas (M) e.g. nitrogen, due to water vapour only being present
in trace amounts in the atmosphere. This ground state of atomic oxygen can then react

to reform O3 via the reaction with diatomic oxygen:
o(D)+M->0(CGP)+M R 1.3
0 CP)+ 05 (+M) > 03 (+M) R1.4

The OH radicals formed can then react with carbon monoxide (CO) to give HO>. In
low NOyx and VOC environments, around 70 % of OH formed will undergo this
reaction to form HO> (Holloway and Wayne, 2010).

OH+C0O—- H+CO, R 15

H+ 0,(+M) - HO, (+M) R16



OH can then be reformed by the reaction of HO2 with Os:
HO,+ 03 —» OH + 20, R1.7

In high NOx and VOC environments, OH is lost via the reaction with methane or a
combination of VOCs to form peroxy radicals (RO2). The formed RO radicals can

then react with NO to form RO radicals which then further react with O to form HOx.

OH + RH + 0, > RO, + H,0 R1.8
RO, + NO - RO + NO, R1.9

RO + 0, » R'CHO + HO, R
1.10

Under high NOx conditions, HO> is lost by the reaction with NO to regenerate the OH
radical, which can be lost through reaction with NO- to form HNOs.

HO, + NO > OH + NO, R
1.11

OH + NO, > HNO; R
1.12

The NO; formed via the reaction of HO2 or RO, with NO, can then be photolysed to
form O (*P) which then reacts with O to reform the polluting tropospheric Os. The

reactions of HO, and RO, with NO are the only pathways for net Oz production in the

troposphere.
i R
<398 nm
NO, + v ——— NO + 0(3P) 113
s R
0CGP)+ 0, (+M) - 05 (+M
CP)+ 0, (+M) 3 (+M) 114

In low NOy conditions, i.e. remote or rural environments however, RO, radicals can

react via a self or cross reaction, eventually leading to the formation of HO..
RO, + RO, — 2RO + Products R 1.15

In addition to bimolecular self or cross-reaction, RO- radicals can undergo an inter- or
intramolecular H-abstraction leading to autoxidation on the addition of O, following
a H-shift. Alkoxy, RO radicals, can also undergo a H-shift followed by O addition, to



form a new RO, with one more oxygen than the previous ROz. In this way, highly

oxygenated molecules (HOMs) are formed.

The loss process of HO in low NOy conditions is governed by the self-reaction and
the reaction with RO2, though the uptake of HO, onto aerosol surfaces could also be

important in environments with high aerosol loadings:

RO, + HO, - ROOH + 0, R1.17

1.2.2 The Role of Nitrous Acid

A major source of OH in polluted environments is the photolysis of nitrous acid
(HONO) at A<400 nm. Previous studies have shown HONO to be a dominating source
of OH in the early morning especially due to longer wavelength light being prevalent
(Ren et al., 2006;Dusanter et al., 2009;Michoud et al., 2014). During a recent study in
Beijing Wintertime, HONO photolysis accounted for over 90 % of the primary
production of OH averaged over the day (Slater et al., 2020;Dyson et al., 2021). As
such, understanding the formation of HONO in highly polluted environments is crucial
to understanding the concentration and distribution of OH and other key atmospheric
radical species, as well as secondary gas or aerosol phase products associated with

climate change and air quality.

Concentrations of HONO in the atmosphere can range from a few pptv in remote clean
environments (Reed et al., 2017) to over 10 ppbv in more polluted areas such as
Beijing (Crilley et al., 2019). The main gas phase source of HONO in the troposphere
is through the reaction of NO with the OH radical, with the loss process being via
photolysis to reform OH making HONO both a source and a sink of OH radicals, as

shown below:
OH + NO (+M) — HONO (+M) R 1.18
A<400 nm
HONO + hv —— OH + NO R 1.19

HONO has also been shown to be directly emitted by vehicles (Kurtenbach et al.,
2001;Li et al., 2008), the rate of emission of which is generally estimated as a fraction
of known NOx (NO2+NO) emissions. Current atmospheric chemistry models
underestimate the concentration of HONO indicating a potential missing tropospheric

source of HONO. Many studies have postulated reactions to account for the missing
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source, with these most commonly being heterogeneous in nature, either on aerosol or
ground surfaces. Direct flux measurements, tower and aircraft observations
demonstrate the existence of HONO sources from ground or canopy surfaces (Vogel
et al., 2003;Zhang et al., 2009;Ren et al., 2011;Sorgel et al., 2011a;Wong et al.,
2012;Young et al., 2012;Zhang et al., 2012;0swald et al., 2015;So6rgel et al., 2015).
These sources could involve photo-enhanced conversion of HNOs to HONO on
ground surfaces (Zhou et al., 2003;George et al., 2005), bacterial production from
nitrate sources found in soil (Su et al., 2011;0swald et al., 2013), HONO formation
from the photolysis of particulate nitrate, postulated to be important in marine
environments (George et al., 2005;0swald et al., 2013;Ye et al., 2016b;Reed et al.,
2017;Ye et al., 2017a;Ye et al., 2017b), photolysis of ortho-substituted nitrophenols
(Bejan et al., 2006) and photo-sensitized reduction of NO2 on humic surfaces
(Stemmler et al., 2007; Zhou et al 2011). Rapid cycling of gas-phase nitric acid to
nitrous acid via particulate nitrate photolysis in the clean marine boundary layer was
experimentally measured from aerosol filter samples collected during the 2013
NOMADSS aircraft measurements campaign over the North Atlantic Ocean (Ye et
al., 2016b). In addition to this ground-based measurements of HONO made at Cape
Verde in the tropical Atlantic Ocean (Reed et al., 2017) provided evidence that a
mechanism for renoxification in low NOxy areas is required (Reed et al., 2017;Yeetal.,
2017a).

Recent model calculations depict a missing daytime source of HONO, not consistent
with known gas-phase production mechanisms, direct HONO emissions or dark
heterogeneous formation i.e. prevalent night-time sources. A detailed HONO budget
analysis was completed following the ClearfLo project in London in the summer of
2012 which compared the measured average daytime concentration of HONO, 0.4
ppbV, to the output of a zero-dimensional model using the Master Chemical
Mechanism (MCMv3.2) including the following HONO sources: direct emission,
photolysis of ortho-substituted nitro-phenols, the proposed reaction of HO2xH>0 with
NO., photolysis of adsorbed HNOz on ground and aerosol surfaces and the
photosensitized conversion of NO, to HONO (Lee et al., 2016). The addition of
sources only increased the average daytime modelled HONO concentration to
0.1 ppbV leaving a significant missing source of 0.3 ppbV suggesting a current lack

of understanding in additional heterogenous sources of HONO production. Correlation



studies showed, as has been suggested previously, that the missing source is both light-
driven and dependant on the NO. concentration (Kleffmann, 2007;Michoud et al.,
2014;Spataro and lanniello, 2014;Lee et al., 2016). This project will investigate the
production of HONO from aerosol surfaces in further detail.

1.2.3 The Importance of Atmospheric Models

In a world where approximately 7 million people die a year due to indoor and outdoor
air pollution it is imperative to understand the effect pollutants have on the atmosphere
in order to accurately predict the lifetime of the longer lived pollutants which impact
climate and air quality (GBD 2015 Risk Factors Collaborators, 2016). Atmospheric
models can therefore be utilised in a predictive capacity to mitigate anthropogenic
effects on the environment. Comparing field data to model outputs allows the study of
atmospheric systems and specific atmospherically relevant compounds. Any missing
sources or sinks in proposed mechanisms can then be identified and examined through

further experimental and modelling studies.

As stated above, recent model calculations under-predict the concentration of HONO
suggesting a missing daytime source of HONO. Numerical chemistry models also
have a tendency to over predict HO> especially in low NOy conditions due perhaps to

lack of understanding of heterogenous uptake of HO, onto aerosol surfaces.

1.2.4 Short Introduction to the Thesis

This thesis will address the role of aerosols in the gas-phase composition of the
troposphere through the experimental study of the uptake and production of HONO,
HO, and RO onto atmospherically relevant submicron aerosols as a function of

temperature and relative humidity.

Specifically, the production of HONO from TiO> single-component and mixed aerosol
surfaces will be investigated and the mechanism of formation modelled using a kinetic
box model. The uptake of HO2 onto limonene-derived secondary organic aerosols,
formed via both ozonolysis and OH oxidation with an oxidation flow reactor, will be
also reported. Lastly, HO, uptake modelled using a new parameterisation will be
presented and compared to measured radical concentrations from the Beijing Summer
AIRPRO campaign.



1.3 The Sources and Properties of Atmospheric Aerosols

As mentioned in Section 1.1, aerosols act as both absorbers and emitters of IR
radiation meaning they have both a positive and negative radiative forcing effect and
so play a role in both the warming and cooling of the atmosphere. An increase in
aerosols in the atmosphere will also have an indirect effect on climate and global
warming: aerosols can act as cloud condensation and ice nuclei leading to a change in
the single scattering albedo. Aerosols can also affect the abundance and spread of trace
gases by both heterogeneous and multiphase processes. They also have a role in the

spread of pathogens and other biological organisms.

Aerosols are suspended particles, typically between 1 nm and 100 pm in diameter
which can be classed into different modes depending on their size, shown in Figure
1.4. The most abundant aerosol mode in the atmosphere is known as the Aitken mode
consisting of aerosols below 0.1 um in diameter. Between 0.1 and 5 pm, aerosols are
known as the accumulation mode, with any aerosols between 1 — 100 pum being known
as the coarse mode. Accumulation mode aerosols are generally formed from the
growth via coagulation or condensation of ultrafine particles whereas coarse mode
aerosols are formed from mechanical generation processes at the Earth’s surface such
as erosion (Pdschl, 2005). Example aerosol surface area and particle number size
distributions typically measured during the TiO2 HONO experiment are shown in
Figure 1.5.
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Aerosols are also categorised as either primary or secondary. Primary aerosols are
emitted directly into the atmosphere while secondary aerosols are produced by gas-to-
particle conversion. Examples of primary aerosols include sea salt, biogenic aerosols,
carbonaceous aerosols and mineral dust. Secondary aerosols include sulphate aerosols,
secondary organic aerosols formed from the oxidation of volatile organic compounds
and nitrate aerosols (Boucher et al., 2013). Aerosols can be further categorised into
biogenic and anthropogenic aerosols. Anthropogenic aerosols are mainly produced by
fuel combustion and account for ~20% of all solid particles in the atmosphere (Wayne,
2000). Due to a large proportion of the world’s industry being located in the northern
hemisphere, aerosols formed from combustion products, such as black carbon and
sulphate aerosols, are prevalent there. Primary organic aerosols can be produced by
wildfires or biomass burning, a phenomena prevalent in Africa and South East Asia.
In comparison, biogenic production of aerosols occurs as a result of natural
phenomena such as sandstorms, volcanos and sea spray. A large component of
atmospheric biogenic aerosols is mineral dust especially around the equatorial Atlantic
where a large component of aerosols is Saharan dust (Pdschl, 2005).

In the atmosphere, gas phase chemistry can lead to the formation of oxygenated
volatile organic compounds (VOCs), which then condense to the aerosol phase.
Aerosols formed in this way are known as Secondary Organic Aerosols (SOAs), and
can be formed via several different pathways: firstly, new particle formation where
semi-volatile organic compounds (SVOCSs) are formed and go on to allow nucleation
and growth of new aerosol particles; secondly, the formation of SVOCs by either gas-
phase reaction or uptake onto existing aerosol or cloud particle surfaces and lastly, by
heterogeneous reactions forming low or non-volatile compounds by chemical reaction
with VOCs or SVOCs at the surface or inside the bulk of existing cloud or aerosol
particles (Pdschl, 2005).

Aerosol loadings in the troposphere can typically vary between ~ 1 pg m™ and
100 pg m though higher loadings have been observed during pollution events in
megacities (Seinfeld and Pandis, 2006). During a measurement period in Beijing in
January 2013, Zhang et al., 2014 reported concentrations of submicron aerosols of up
to 423 pug m comprised of organic aerosols (50 %), sulfates (22 %), nitrates (14 %),
ammonium (10 %) and chloride (4 %). In comparison, during the ClearfLo campaign
in London in 2012, SOA levels peaked at ~15 pg m (Ots et al., 2016).
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The chemistry involving aerosols depends on the composition of the aerosol. Some
aerosols, such as inorganic salt aerosols, can exist as either solid or aqueous aerosols,
depending on the relative humidity. Aqueous salts in the atmosphere cycle between
liquid and crystalline phases depending on the available gas-phase water, due to the
hygroscopicity of the aerosol. Hygroscopicity is typically defined as the ability of a
substance, such as an aerosol particle, to adsorb or absorb water as a function of
relative humidity (RH) (Xu et al., 2020). Interactions with water vapour in the
atmosphere largely changes the roles of aerosol particles in the earth system as well
as the size. When water vapour is supersaturated, meaning RH >100 % aerosol
particles can act as cloud condensation nuclei (CCN) leading to the formation of cloud
droplets. Aerosols can also act as ice nucleating particles (INP) leading to the
formation of ice crystals (Tang et al., 2014b). When water vapour is not supersaturated
however, i.e. RH<100 % the aerosol particles in the surrounding environment exist in
an equilibrium containing a certain amount of adsorbed or absorbed water. A RH of 0
% correlates to a totally dry atmosphere, such as over a dry desert. The amount of
water that an aerosol particle can contain depends on the RH, temperature, chemical

composition and size of the particle (Moon et al., 2018;Xu et al., 2020).

The water content of aqueous aerosols is controlled largely by the RH of the
atmosphere. The RH dictates the proportion and the size of condensed aqueous
aerosols in the atmosphere. RH is defined as the ratio of the partial pressure of gaseous
water to the saturation vapour pressure of pure water at a fixed temperature (Lin and
Tabazadch, 2002). As the RH increases a point is reached where, depending on aerosol
composition, a solid particle will spontaneously absorb water and become aqueous.
This is known as the deliquescence point. Past this point, the aerosol will continue to
take up water, thereby growing in size. However, a decrease in humidity back towards
the deliquescence point will not necessarily lead to re-crystallisation of the aerosol.
This is due to hysteresis. The point at which a condensed aerosol returns to a solid
particle form due to a decreasing RH is known as the efflorescence point. At this point
a solid core will reform inside the aerosol. Above the efflorescence point the aerosol
can become supersaturated and form a metastable solution due to the energy barriers
of crystallisation. Because of this phenomenon it is important to know the composition

and solubility of aerosols as the size and the phase of the aerosols is often dependant
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on the RH and can change rapidly with changing RH. Figure 1.6 shows an example of

a sea salt aerosol deliquescence curve.
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Figure 1.6. Deliquescence curve for NaCl showing the hygroscopic growth factor, ge versus RH at
a dry diameter of 100 nm for NaCl from a nebulizer or sea spray chamber. Image taken from Zieger
etal., 2017.

1.4 Heterogeneous Production of HONO from Aerosol Surfaces

Previously, ambient aerosols have been considered an unimportant heterogeneous
reaction media in comparison to ground or canopy surfaces which have a larger surface
area. In urban areas however, like London or Beijing, aerosols could still be a
significant source of HONO. The importance of aerosol surface area is still debated
with respect to the heterogeneous formation of HONO. The dependence of HONO
formation on light and aerosol surface area is often expressed by calculating the NO>

reactive uptake coefficient, yyo,.

The dark heterogeneous formation of HONO is known to occur via the uptake of NO-
on aerosol, ground or canopy surfaces. The main source of HONO in dark periods is
the hydrolysis of NO, to produce gaseous HONO, leaving HNO3 adsorbed to the
surface, shown in R 1.20. This reaction is seen experimentally under dark conditions
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and is also observed during field campaigns as an accumulation of HONO throughout
the night (Finlayson-Pitts et al., 2003;Ramazan et al., 2004b;Gustafsson et al., 2006).

2N02(ads) + HZO(adS) 4 HONO(g) + HN03(adS) R 1.20

Heterogeneous production of HONO from surfaces and coated wall experiments have
been more thoroughly studied, especially relating to the hydrolysis reaction of NO2 on
surfaces coated with HNOs in the dark. Heterogeneous production from aerosol
surfaces under illuminated conditions are less well studied however. Several studies
have been conducted on a range of atmospherically relevant aerosols such as
secondary organic aerosols, humic acid and TiO2 (Broske et al., 2003;Gustafsson et
al., 2006;Stemmler et al., 2007;Dupart et al., 2014).

1.4.1 Humic acid

Humic compounds are formed from the degradation of biological matter and are the
most abundant organic species on the Earth’s surface (Stemmler et al., 2007). Due to
soil abrasion and biomass burning, humic matter is likely to exist on airborne surfaces.
Aromatic compounds found in biomass burning aerosol may undergo oxidation
processes that lead to humic-like substances (HULIS). HULIS are high molecular
weight organic compounds found in atmospheric particles, fog and cloud water and
are known as “humic-like” due to the similarity to ground/marine humic substances
(Zheng et al., 2013). HULIS are of interest due to their surface activity and light
absorbing capability and photochemical activity. HULIS can have an effect on aerosol
hygroscopicity, cloud condensation nuclei formation, aerosol surface tension and
aerosol optical properties (Kiss et al., 2005;Dinar et al., 2007;Fan et al., 2012).
Possible sources of HULIS include soil (Simoneit, 1980, plants Salma et al., 2010),
ocean (Krivacsy et al., 2008), biomass burning (Salma et al., 2010;Kuang et al., 2015),
coal combustion (Tan et al., 2016), oil burning in shipping (Kuang et al., 2015),
vehicular emissions (Yamanokoshi et al., 2014) and secondary formation (Krivacsy et
al., 2008;Kuang et al., 2015).

A study by Stemmler et al., 2007 investigated the interactions of humic acid aerosols
with NO2 under illuminated conditions reporting relatively low uptake coefficients in
the range of 107 (dark) — 6 x 10° (illuminated). The dependence of the uptake

coefficient on NO2 concentration in this study is shown in the inset of Figure 1.7.
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Figure 1.7. Dependence of HONO formation on NO> concentration on humic acid aerosol (filled
circles, 26 % RH) and humic acid coatings (empty circles, 21 % RH). The inset shows the
dependence of the reactive uptake coefficient on NO, concentration. Image taken from Stemmler et
al., 2007.
The HONO production from humic acid aerosols increases rapidly with NO>
concentration until a plateau is reached. This is typical of a Langmuir-Hinshelwood
type process where a reactant saturates the surface fully leading to a levelling off of
product production with increasing reactant concentration. For Langmuir-
Hinshelwood processes the higher the concentration of the gas phase species, the more
rapidly saturation coverage of the surface is reached and the faster the uptake

coefficient of the gas phase species will decrease with time (Ammann et al., 2003).

The production of HONO was observed not to increase linearly with lamp flux
potentially indicating that any photo-reduced species formed on the surface may
deactivate via the reaction with photo-oxidants, this reaction being in competition with
the reaction of NO,. The lifetime of the reduced species must then be decreasing with

an increase in lamp flux, as shown by R 1.21-R 1.23.

hv
HA — ATed 4 xox R1.21
Ared _|_X0x N HA’ R 1.22
AT + NO, » HA" + HONO R1.23
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1.4.2 Titanium Dioxide

It is estimated that 1604-1960 Tg yr of dust particles are emitted into the atmosphere
(Ginoux et al., 2001). Titanium dioxide is a photocatalytic compound found in dust
particles at mass mixing ratios from 0.1-10 % depending on the location of particle
suspension (Hanisch and Crowley, 2003). Under UV irradiation ((A < 390 nm) TiO>
promotes an electron (ecz) from the conduction band to the valence band leaving

behind a positively charged hole (h;’3) in the valence band (Chen et al., 2012):

TiO, + hv - hjg + ecp R 1.24

which can lead to reduction and oxidation reactions of any surface adsorbed gas-phase

species, such as NO», potentially leading to the formation of HONO.

In previous studies HONO has been observed as a major gas-phase product of the
reaction of NO2 on TiO> aerosol surfaces (Gustafsson et al., 2006;Dupart et al., 2014).
Gustafsson et al., 2006 found that upon irradiation of TiO2 aerosols, significant HONO
production and subsequent NO depletion occurred. In this study, the rate of photo-
induced HONO production was ~ 75 % of the total NO2 consumption, leading to the
conclusion that photo induced production of HONO via the reaction of NO2 + H2O
(R 1.20) was not being observed; based on the stoichiometry of the reaction, half the
HONO to the rate of NO2 consumption should be produced. Gustafsson et al., 2006
showed the rate of the light induced reaction of NO2 on pure TiO- aerosols depended
on relative humidity, emphasizing super-hydrophilic nature of TiO. surfaces under
UV irradiation. Dupart et al., 2014 also observed a dependence of uptake of NO2 on
relative humidity onto TiO containing aerosols, however the reported HONO yield in
this study was lower at 30 %, with the main gas phase-products measured being NO
and HONO for experiments with 110 ppb NO2 due perhaps to TiO2 only being a small
percentage of the mineral dust aerosols this study focused on in comparison to single
component TiO2 aerosols used in Gustafsson et al., 2006. Dupart et al., 2014
postulated the following mechanism of HONO production, which is consistent with
the formation of the NO>™ anion seen in a previous study on TiO2 surfaces (Nakamura
et al., 2000):

hi{y + H,0 > H* + OH™ R1.25
ecp + 0220z R 1.26
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NO, + 05 (or ecg) = NO; + 0, R 128

- +
NO, + H" - HONO R 1.29

In the study by Dupart et al., 2014 the reactive uptake coefficients of NO> were found
to be strongly dependent on NO- concentration showing, as with the production from
humic acid aerosols, a Langmuir-Hinshelwood type behaviour characterised by the
adsorption of NO> onto the surface followed by chemical reaction, seen as a decrease
in uptake coefficient with increasing NO2 as the surface becomes saturated. The
dependence of the uptake coefficient on the NO2 concentration reported by Dupart et
al., 2014 is shown in Figure 1.8 for both coated flow tube (CFT) experiments and
aerosol flow tube (AFT) experiments.
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Figure 1.8. Uptake coefficient of NO,—»HONO on Arizona test dust as a function of NO;
initial concentration for coated flow tube (CFT, black) and aerosol flow tube (AFT, red)

experiments. Figure taken from Dupart et al., 2014.

1.4.3 Particulate Nitrate Photolysis
Photolysis of gaseous HNOs is known to be a relatively slow process, with a rate
coefficient of ~7 x 1077 s under tropical midday conditions (Finlayson-Pitts and Pitts,

2000). Since HNOg is efficiently lost by wet removal in the lower atmosphere,
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formation of HNOs is considered to be a termination step of reactive nitrogen in the
troposphere. However, photolysis of surface adsorbed HNO3 has been found to be
much faster, with rate constants from 1 x 10° —3 x 1073 s’ reported for both natural
and artificial surfaces (Zhou et al., 2003;Zhou et al., 2011;Ye et al., 2016a). Photolysis
of particulate nitrate, pNOs3’, has recently been postulated to be a source of gas-phase
HONO in the atmosphere (Zhang et al., 2009;Reed et al., 2017;Ye et al., 2017a;Ye et
al., 2017b). Several studies have reported much faster photolysis of nitrate within or
on aerosol surfaces compared to gas phase nitric acid, with particulate nitrate
photolysis rates being up to ~3 orders of magnitude greater than gas phase HNO3

photolysis in marine boundary layer conditions (Ye et al., 2016b).

h
pNO3 = HONO + NO, R1.30

Rapid cycling of gas-phase nitric acid to gas-phase nitrous acid via particulate nitrate
photolysis in the clean marine boundary layer was proposed as a source of HONO
during the 2013 NOMADSS aircraft measurements campaign over the North Atlantic
Ocean (Ye et al., 2016b) where offline aerosol filter samples were taken and pNO3
photolysis rate was determined using laboratory experiments offline. Ground-based
measurements of HONO made at Cape Verde in the tropical Atlantic Ocean provided
evidence that a mechanism for re-noxification in low NOy areas is required (Reed et
al., 2017;Ye et al., 2017a).

1.5 Effect of Relative Humidity on the Production of HONO from

Aerosol Surfaces

Relative humidity affects the composition of atmospheric aerosols leading to a change
in their adsorption properties. As explained in Section 1.3, as the RH increases the
aerosol particles will reach a point, the deliquescence point, where the aerosol will
spontaneously absorb water to become aqueous. Different aerosols react differently to

an increase in RH.

It is thought that an increase in surface water can lead to inhibition of surface reactions.
In a study by Stemmler et al., 2007, the HONO production from humic acid aerosol
surfaces was investigated up to 88 % RH. In the humidity range of 20-60 % the uptake
of NO- onto the humic acid aerosols was constant, appearing to drop off after 60 %,

shown in Figure 1.9.
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Figure 1.9. Dependence of reactive uptake coefficient of NO,—~HONO on the relative humidity on
humic acid aerosol (left axis) and humic acid coated walls (right axis). Filled circles represent the
uptake coefficient measured on humic acid aerosols at 25 ppb NO; whereas the empty circles
represent the uptake coefficient on humic acid coatings at 20 ppb NO,. Image taken from Stemmler
etal., 2007.
The increase in water adsorbed to the surface and in the aqueous phase with increasing
RH could counteract the reaction of NO: in several ways leading to a decreased
production of HONO: firstly, NO> may be more soluble in the presence of dry humic
acid meaning an increase in RH leads to a decrease in NO> in the particle phase;
secondly, Gysel et al., 2004 observed a decrease in the aerodynamic diameter of humic
acid after 60 % RH which would lead to a decrease in surface area and therefore a
reduction in the uptake of NO, to form HONO; and lastly, an increase in the surface
concentration of water could inhibit the reaction between electron donor and acceptor
and therefore the formation of HONO (Gysel et al., 2004;Stemmler et al., 2007).

In comparison, production of HONO from TiO> aerosol particles has a much lower
peak in uptake of NO> as function of RH. A study by Gustafsson et al., 2006 showed
a negative correlation between HONO formation rate coefficient and the relative
humidity which was explained by the increase water adsorption inhibiting NO>
adsorption and/or electron/hole transfer processes at the TiO2/gas interface. This could
also be exacerbated by the super-hydrophilic properties of TiO, surfaces under UV
radiation (Gustafsson et al., 2006). The uptake coefficient as a function of RH

20



observed in this study is shown in Figure 1.10. This thesis also covers the RH
dependence of HONO production from NO2 on TiOz surfaces, the results of which are

described in detail in Section 4.1.2.
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Figure 1.10. Dependence of the uptake coefficient of NO,—»HONO from TiO; aerosols on
RH. Image taken from Gustafsson et al., 2007.

1.6 Mechanism of Heterogeneous Uptake of HO, onto Aqueous

Phase Aerosols

1.6.1 Resistor Model

The steps involved in what is known as the resistor model are:

) Gas-phase transport of a reactant to the surface of the droplet

i) Accommodation by the droplet at its surface

iii) Diffusion of the reactant into the droplet

iv) Chemical reaction with a species dissolved in the droplet

V) Diffusion of the unreacted molecules and any products to the surface of the
droplet

vi) Desorption of the species from the liquid-solid interface

This mechanism is depicted in Figure 1.11.
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Figure 1.11. Processes involved in the uptake, reaction and desorption of a gas phase molecule by a
liquid droplet. Image reproduced from Holloway and Wayne, 2010.
The resistor model gets its name from the analogy of resistance in an electrical circuit.
The essentials of the resistor model can be described by Eq 1.1 where each step in the
process is treated in terms of conductance, normalised to the rate of gas phase
collisions. Note that resistance is equal to the reciprocal of conductance (Finlayson-
Pitts and Pitts, 2000).

R S Eql.1
VHOZ l—:qasdiff a Fsol"’l—‘rxn q-

where Tyqsqirr is the conductance associated with the gas-phase diffusion to the
aerosol surface, I,; is the conductance associated with the solubility, T}, is the
conductance associated with the reaction in aqueous bulk of the aerosol, yy,, is the
uptake coefficient of HO2 and « is the mass accommodation coefficient (Finlayson-
Pitts and Pitts, 2000).

The first step of the process involves the diffusion of the gas reactant to the surface
which is dependent on the gas phase diffusion coefficient (Dg) and the gas-surface
collision frequency. It can be assumed that the collision frequency is determined by
the ambient pressure surrounding the droplet. However, as the gas phase molecules
are accommodated by the aerosol, the concentration of the gas species surrounding the
droplet surface will decrease. This causes additional diffusion to the interface by Ficks
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law (the diffusive flux goes from regions of high concentration to regions of low
concentration). Therefore, the rate of accommodation is limited by the diffusive flux
towards the aerosols as gas-phase diffusion may provide resistance to the uptake
process if the transfer across the interface is favourable. If the diffusive flux is slow
then the concentration of gas phase molecules surrounding the surface of the aerosol
are not replaced sufficiently (Moon, 2018). For large particles or very rapid uptake
processes the gas diffusion process can be the limiting factor to overall uptake (Tang
et al., 2014a) though for atmospheric aerosols with a diameter of ~0.2 um gas phase
uptake tends to be limited mostly by the free molecular collision rate (Jacob, 2000).
The conductance associated with the gas phase diffusion of mono-disperse spherical
particles can be calculated using the Fuchs-Sutugin relation (Eq 1.2) (Fuchs and
Sutugin, 1970;Hanson et al., 1996).

1 075+0.238K,

= Eql.2
l-‘gas dif f Kn(l + Kn) a
where Knudsen number, K,,, is defined as
3D
K, = — Eq 1.3
wr

where D, is the gas phase diffusion coefficient (m? s), w is the mean molecular speed
(m sH and r is the surface area weighted radius (m). A method for calculating gas-
phase diffusion of poly-dispersed aerosol particles has also be developed in recent

years (Tang et al., 2012).

The fraction of gas molecules that are accommodated into the aerosol against the
number of collisions with the aerosol surface is defined as the mass accommodation
coefficient, a. Therefore 1/a is the interfacial resistance (Finlayson-Pitts and Pitts,
2000). After uptake at the interface, diffusion into the bulk of the aerosol occurs.
Diffusion in the liquid bulk of the aerosol is characterised in the resistance model by
[so1, the liquid phase saturation limitation. This is governed by the diffusion
coefficient within the liquid, D;. Ts,; can also be written in terms of the diffusion

coefficient:
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1 t
__@ ™ Eql.4
I,,;, 4HRT |D,

where w is the average molecular speed (m s?), H is the Henry’s law constant
(M atm™), R is the gas constant (mol™ L atm K1), T is the temperature (K), t is the
gas-aerosol interaction time (s) and D; is the liquid phase diffusion coefficient
(m? s1) (Finlayson-Pitts and Pitts, 2000;Matthews, 2014);.

For volatile solutes, the amount of gas that dissolves in the condensed phase aerosol
is directly proportional to the partial pressure of the gas in equilibrium with the aerosol.

This is known as Henrys law and is commonly expressed as shown in Eq 1.5.

[X] = Hxpx Eql5

where [X] is the concentration of gas (mol dm=) X, Hy is the Henry’s law coefficient

(m® mol™ atm™) for the gas and py is the partial pressure of the gas (atm).

After a certain amount of time the partitioning between gas and liquid phases will
reach equilibrium. The solubility decreases as the concentration of gas within the

interface rapidly increases preventing further accommodation.

Finally, reactive uptake occurs once the rate of reaction of the reactant and the aqueous
reagent held within the aqueous aerosol bulk is greater than the rate of uptake and
diffusion. If the rate of reaction is very fast, the reaction will occur within the
interfacial layer but if it is slower then the reaction will occur following diffusion into
the bulk of the aerosol. A measure of the distance from the interface in which the
reaction occurs is known as the reacto-diffusive length and is defined in Eq 1.6. The
conductance of the reaction in the bulk is expressed in Eq 1.7 (Finlayson-Pitts and
Pitts, 2000;Moon, 2018)

Eq1.6

1w 1
Lrxn _4‘HRT lerxn Eq L7

where w is the average molecular speed (m s?), D, is the diffusion coefficient in the

ageous phase (m? s) and k,,,, is the rate constant for the reaction (s™).
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If the species in question is not reactive with itself or with the species within the
aerosol then only diffusion of species to the aerosol surface, adsorption and diffusion
in the bulk need to be considered in the uptake. As such the uptake coefficient can be

written as:

1— ! +1+ ! Eql.8
)4 l—:c,lasdiff a 1—‘sol q-

As such the uptake of a species, into the aerosol will be controlled by the mass
accommodation, a, the gas phase diffusion to the aerosol surface and the solubility of
the species within the aerosol. As the aerosol becomes saturated with an unreactive

species the uptake coefficient will tend to zero.

If the species is reactive, such as HO>, as shown in Eq 1.1, the uptake coefficient can
be limited by the mass accommodation or by the gas phase diffusion of the species if
the species is highly soluble and reactive. In this case the uptake coefficient can also
be limited by the solubility of the species or the rate of reaction within the bulk of the
aerosol. If Ts,; is much faster than I, then I.,,, can be removed from the equation
for simplification. Conversely if the solubility if much slower than the reaction in the

bulk then Eq 1.1 can be written as:

1__ 1 1 1
Y l—:qasdiff a Frxn

Eq1.9

1.6.2 Self-Reaction

On entering the aqueous phase within a condensed aerosol without the presence of
transition metal ions, a given HO2 molecule is most likely to react with another HO>
molecule or with its conjugate base, O>" (Thornton and Abbatt, 2005;Thornton et al.,
2008). Hanson et al., 1994 proposed that the formation of H>O: via the self-reaction
was relatively slow meaning that it is only favoured at higher concentrations of HO..
The following mechanism, shown in R 1.31 - R 1.35, was proposed to explain the

mechanism of HO> self-reaction (Jacob, 2000).

HOy3g) = HOz(aq) R1.31
HOy(aq) = Hiag) + O2(aq) R1.32
kR133 R 1.33

HOz(aq) + HOz(aq) — H202(aq) t Oz(aq)
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_ KR1.34 — R 1.34
HO; + 034q + H20q > Hy02(aq) T O2(aq) T OH(qq)

_ kri3s _ R1.35
Oz(aq) T 03 + Hy0qy — OHyq) + OH(gqy + 20;

where krizz is 8.6 x 10° M st krizs is 1.0 x 108 M? st and krizs is
1.5 x 10° M s (Thornton and Abbatt, 2005).

The mechanism of self-reaction proposes that mass accommodation of gaseous HO-
into the aerosol is then followed by the pH dependent partitioning of HO2(gq) into H* (ag)
and the conjugate base of HO2, O27ag). H202 has been observed as a product of the
HO- self-reaction on sea salt aerosols (Loukhovitskaya et al., 2009). In a study by
Thornton and Abbatt (2008) the known pathways for HO2 loss were studied and the
uptake coefficient of HO, was found to be strongly dependent on particle phase, size,
temperature and pH for the HO> self-reaction loss pathway, further discussed in
Section 1.8.

The mass accommodation coefficient or the sticking coefficient, ay,,, is the
probability that gaseous HO. will be taken into a surface layer of the aqueous bulk
aerosol upon collision. The mass accommodation coefficient has been measured over
a range of acidic and neutral pHs with values of ay,, ranging from 0.1 — 1.0.
Mozurkewich et al., 1987 was the first to measure the mass accommodation coefficient
for the loss of HO2 on deliquesced copper doped aerosols, proposing a minimum value
of 0.2. Cooper and Abbatt also measured a minimum value of 0.2 for deliquesced
copper doped aerosols 10 years later (Cooper and Abbatt 1996). George et al., 2013
reported a measured ay,, 0f 0.4 + 0.3 on Cu(ll)-doped (NH4)2(SOa4) aerosols. A study
the same year reviewed the kinetic data for heterogeneous reactions in the atmosphere

suggesting ay, should be >0.5 (Ammann et al., 2013). Due to the varied nature of
experimentally determined values of aj,,, the mass accommodation coefficients used

with models also varies widely.

1.6.3 Reaction with Transition Metals

When aqueous aerosols are doped with transition metal ions (TMI), such as Cu (1) or
Fe (Il), a different mechanism, compared to the self-reaction, is in operation.
Mozurkewich et al., 1987 were the first to conduct experiments designed to measure

the mass accommodation coefficient, ay,, in the presence of Cu (I1) ions. Copper
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acts as a catalyst to speed up the reaction of HO> to give H20. and O, shown below
in R 1.36 - R 1.39 (Thornton and Abbatt, 2005).

kRr136=1.2x10° M~1s71
2+ + +
HOZ(aq) + Cu(aq) H(aq) + Cu(aq) + Oz(aq) R 1.36

_ kR137=9.4 x10° M~1s~1
O2aq) Cu(zgq) Cu(Jraq) + Osaq) R 1.37

kRr13g=1x108 M~1s71

HOZ(aq) + Cug—aq) + HZO(I) HZOZ(aq) + CU(ZJq) + OH(_aq) R 138

kR1.39=8 x10° M~1s~1

02_(aq) + Cuzraq) + 2H,0 Hy0504q) + Cu(zgq) + ZOH(_aq) R 1.39

The reaction of HO, with Cu(zjq),R 1.36, can be rate limiting under acidic conditions

with kri37=1.2 x 10° M s™. The reaction of the conjugate base, 05,4 with Cuf,
however, R 1.37 and R 1.39, is rapid in comparison with k > 1x10° M s (Thornton
and Abbatt, 2005).

At high concentrations of copper, the overall rate of HO2 uptake will be controlled by
the mass accommaodation coefficient due to transport processes rather than limiting
factors such as solubility (George et al., 2013). However, concentrations of Cu (1) are
not typically high enough in the troposphere for this loss mechanism to be significant,
aside from regions where mineral dust is prevalent (Thornton and Abbatt, 2005). The
studies of Mao et al., 2013 and Thornton et al., 2008 were both in agreement that the
uptake coffficient of HO: via transition metal ion (TMI) catalysis becomes
insignificant for copper concentrations < 1 x 10* M (Thornton et al., 2008;Mao et al.,
2013).

In comparison, the uptake of HO: in the presense of Fe (Il) is believed to proceed via
a mechanism shown in R 1.40 - R 1.43 (Jacob, 2000).

kR1.40=1.2 x10® M~1s~1

2 3 —
HOZ(aq) + Fe(a-tz) + HZO(l) HZOz(aq) + Fe(a-tn + OH(aq) R 140

kR141=2x10%M" 1571

Fe(OH)%;q) + HOz(aq) F€2+(aq) + 02(aq) + HZO(I) R1.41

kR1_42=1.5X108M_1S_1

Fefag) + Ozaq) + 2H200) Hy02aq) + Felag) + 20HGq)  R1.42

KR143=1x107M~ 1571

Fe(OH)f;q) + O%(aq) Fez+(aq) + Ozaq) + OH(aq) R 1.43

It is worth noting that the rate coefficients for the destruction of HO: in the presence
of Fe (I1) are significantly slower than those in the presence of Cu (Il). Several studies

have shown that including H20, as the major product of HO> uptake onto aerosols
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leads to an over-prediction of H.O> compared to field observations (de Reus et al.,
2005;Mao et al., 2010a). More recently a catalytic redox coupling mechanism has been
proposed by Mao et al., 2013 suggesting that aerosols containing both Cu (I1) and Fe
(1) could lead to the production of H2O as a product of HO, uptake rather than H20x.

HO(aq) + Ci{aq) = Hiag) + Cltaq) + Oa(aa) R1.44

O2(aq) + Cu{agq) = Cu{aq) + O2(aq) R1.45

HOyaq) + Ctifaqy + H200) = H202aq) + Cufaq) + OHggg) R146
Culpg + Fe(?’az) - Cu(zjq) + Fe(zaz) R 1.47

Following the formation of Fe (I1), Mao et al., 2013 proposed 3 possible reaction steps

leading to the formation of water or H20-:

Feliy + HOpaqy + Hlygy = Felay + Hy04(4q) R 1.48
Net: HOy(aqy* HOo(ag) = H2020aq) + O2(aq) R 1.49
Fefag) + H202aq) = Feag) + OHaq) + OH(gg) R 1.50
Net: HO,(qq) + H203(aq) = OH(ag) + Oa(aq) + H20() R 151
Felty + OHqy = Fell + OHgq R 1.52

Net: HO,(aq) + OHaqy = Oz(aq) + Ha20 R 1.53

Mao et al., 2013 proposed a new pathway initiated by the uptake of gas phase HO>
onto aerosols followed by the Cu-Fe redox mechanism described above, leading to the
sustaining of [Fe (I1)] overnight over the open ocean. This can also dominate Fe (I11)
reduction at lower concentrations of Fe (Il1)-oxalate complexes. This enhances OH
production via the Fenton reaction which is sustained by the influx of HO, from the
gas phase (Mao et al., 2017).

1.7 Mechanism of Heterogeneous Uptake of HO. onto Solid

Aerosols

Previous studies have shown yy,, values to be lower on dry aerosol surfaces. In a

study by Taketani et al., 2008 the uptake coefficient of HO. onto dry NaCl aerosol
surface at 20% RH was seen as to be < 0.01. When the RH of the system was increased

to 75 %, and therefore pushed past the deliquescence point of NaCl, the uptake
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coefficient increased to 0.1 (Taketani et al., 2008). Similarly in a study by George et
al., 2013 the uptake coefficient of HO2 onto dry NaCl at 33% RH was <0.004
compared to the uptake coefficient of 0.01 for RH between 67-76 % RH. Despite this,
uptake of HO onto dry aerosols could be important in arid regions such as the Sahara

where a large percentage of the aerosol phase is composed of dry mineral dust.

There are two mechanisms by which heterogeneous reactions of HO2 on dry aerosol
surfaces can occur: the Eley-Rideal and the Langmuir-Hinshelwood mechanisms. In
the Eley-Rideal mechanism a molecule in the gas phase collides with another molecule
which is already adsorbed onto a surface. The two molecules then react. In comparison
the Langmuir-Hinshelwood mechanism involves the encounter of adsorbed molecular
fragments or atoms colliding on a surface whereupon a reaction can occur and the
products then desorb off the surface (Baxter and Hu, 2002). It is accepted that the
majority of surface catalysed reactions, the Langmuir-Hinshelwood mechanism is
preferred with there being very few systems where it can be conclusively shown that
the Eley-Rideal mechanism is operating (Atkins and Paula, 2005). The two
mechanisms are represented in R 1.54 to R 1.57.

Eley-Rideal
A + surfaces — A-surfaces R 1.54
A-surfacee) + Bis) = A-Bys) + surfaceg) R 1.55
Langmuir-Hinshelwood
A-surface) + B-surfaces) = A-B-surface) R 1.56
A-B-surfaceis) = A-Bys) + surfaceg) R 1.57

It is not known which mechanism the HO self-reaction occurs via as neither has been
confirmed through kinetic observations. It is difficult to test which of these
mechanisms is occurring as they are usually differentiated by changing the
concentration of either A or B. For the Langmiur-Hinshelwood mechanism it would
be expected that increasing the concentration of A so that [A]>>[B], would decrease
the rate of the reaction whereas it would not affect the rate of reaction if the Eley-
Rideal mechanism was occurring. However, HO. uptake results in H>O as the product
suggesting that both A and B are HO> making distinguishing which mechanism is at
play very difficult (Matthews, 2014).
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The surface coverage (@) of an aerosol can be given by the Langmuir isotherm. The
rate of change of surface coverage (®) due to gas phase adsorption to the surface is
proportional to the partial pressure of A and the number of vacant sites on the

surface, N(1- ©), where N is the total number of sites:

do

E = kadsorptionpAN(l —0) Eq 1.10

The rate of change of surface coverage due to desorption of a surface adsorbed species
from the surface is proportional to the number of adsorbed species:

do
dt = _kdesorptionNG Eql.11

Assuming equilibrium, i.e. rate of surface coverage due to adsorption and desorption
are equal, gives the Langmuir isotherm:

__Kp Eq1.12
~1+Kp

where K is the equilibrium constant for the adsorption/desorption reaction of A with
a surface and has a negative dependence on temperature and binding energy of
adsorption and p is either the gas phase pressure or, alternatively, the concentration of
species A (Atkins and Paula, 2005). Therefore, from Eq 1.12, as the concentration of

the gas phase species decreases, the surface coverage will also decrease.

1.8 Factors Affecting the Uptake of HO, onto Aerosol Surfaces

Previous parameterisation has led to an understanding of the dependence of the uptake
of HO2 on environmental and chemical parameters, allowing a more accurate
representation of heterogeneous processes including HO2 in numerical models. Better
understanding the factors affecting the uptake and production of HO2 on aerosol
surfaces will allow more accurate model predictive capacity and therefore better

comparison with field measurements.

1.8.1 Aerosol pH

HO: is a weak acid at room temperature with a pKa of ~4.7 meaning that the solubility
and reactivity of HO: is dependent on pH (Thornton et al., 2008). Due to the effect pH
would have on the equilibrium of the dissociation reaction of HO; to its conjugate

base, O2", both the HO, self-reaction and the reactions catalysed by TMI are dependent
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on pH. When the aerosol is more acidic, less HO> will enter the aqueous aerosol phase
due to Le Chatelier’s principle thereby forcing the equilibrium back towards HOa.
Above a pH of 4, the solubility of HO> is higher which leads to a decrease in the
evaporative flux of HO, out of solution. An effective Henrys law constant can be
defined to account for increased solubility (Thornton and Abbatt, 2005;Thornton et

al., 2008). Note that it is not directly possible to measure the pH of an aerosol.

Keq
Herr = Huo, (1 + [H+]> Eq1.13

where K., is the equilibrium constant, Hy,,is the physical Henrys law constant and
Hsfr is the effective Henrys law constant. H..r increases exponentially with

decreasing temperature.

1.8.2 Temperature

The acid-base dissociation of HO., specifically the solvation reaction of HO2() to
HO2(@q), is highly temperature dependent (Macintyre and Evans, 2011). The solubility
of HO: changes significantly with temperature meaning that temperature has an effect
on the uptake of HO; onto aerosols. For a given aerosol pH, aqueous HO chemistry
is very sensitive to temperature fluctuations with y,, showing a strong inverse
temperature dependence which can be explained by the variation with temperature of
Henrys Law constant for a gas in a liquid. A gas has a higher entropy than a liquid
meaning that as the gas dissolves into the liquid phase the entropy of the system
decreases which is unfavourable to the system. During this process heat is released as
the dissolution of a gas in a liquid is an exothermic process. Increasing the temperature
therefore will lead to the system favouring the endothermic process, the return of the
species to the gas phase, due to Le Chatelier’s principle which states that a system will
counteract a change in the system so as to bring the system back into equilibrium.
Therefore with an increase in temperature there is a decrease in solubility as the system
moves to correct the increase in temperature leading to less collisions of HO. with

aerosol surfaces and therefore a decrease in yy,, (Thornton et al., 2008).

1.8.3 Relative Humidity
The effect of RH on the uptake of HO> depends on the composition and phase of the
aerosol in question. Salt aerosols, for example, should have a higher y,, when in a

deliquesced state in comparison to those which remain in the effloresced state. As the
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RH increases past the deliquescence point of a salt aerosol, the aerosol will take up
more water and will rapidly increase in size. This will decrease the aerosol acidity and
increase the aerosol surface area thereby increasing the solubility of the HO> and the
potential for collisional reactions.

Some studies however have shown that an increase in water content of the aerosol can
have a detrimental effect on the uptake of HO>. In a study by Remorov et al., 2002 an
increase in relative humidity led to a decrease in radical uptake onto NaCl aerosols
suggested to be due to water adsorption competing with HO. adsorption thereby
decreasing the number of free sites available for radical adsorption and reaction. In
opposition to this, a study by Taketani et al., 2008 showed an increase in yyo, onto
NaCl particles with an increase in relative humidity with a value of <0.01 at 20% RH
increasing to 0.1 + 0.02 at 75% RH. A similar study by George et al., 2013 on NH4NO3
aerosols showed no observable effect on yo,with an increase in relative humidity
other than potentially increasing the loss rate of HO, to the walls. Observed uptake
coefficients of HO, for NH4(SO4). and NaCl in both dry and aqueous forms as reported
by multiple studies are shown in Figure 1.12.
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Figure 1.12. Dependence of HO; uptake coefficient on relative humidity for a) dry and aqueous

NH4(SO4)2 aerosols and b) dry and aqueous NaCl aerosols as a function of RH. Uptake coefficient

values taken from Thornton and Abbatt, 2005; Taketani et al., 2008 and George et al., 2013.
A study conducted on polystyrene latex particles sought to investigate the relative
humidity dependence by using a particle which would not change size with an increase
in relative humidity, unlike salt aerosols, and as such the dependence on relative
humidity would not be due to presence of water in the particle, and therefore not due
to a change in phase (Taketani et al., 2010). The positive dependence on RH seen on
PSL particles observed was speculated to be due to a HO2-H>O complex forming under
high RH which could explain the dependence if uptake of HO2-H-O is more efficient
(Taketani et al., 2010). The same study also saw a positive dependence of RH on

levoglucosan particles which do show hygroscopic growth.
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A variation in RH can also have an effect on the viscosity of certain aerosols. In a
study by Lakey etal., 2016a, yyo, for Cu(ll) doped sucrose aerosols was equal to the
mass accommodation coefficient, « = 0.22 + 0.06, at 65% RH but decreased to
y =0.012 + 0.007 upon decreasing the RH to 17%. At high surface water
concentration total uptake is driven by reaction in the bulk aerosol near to the surface
and is limited by mass accommodation. At low RH however, uptake is limited by
surface reaction. At a lower RH the surface is very viscous meaning that the reacto-
diffusive length is much lower stopping HO: uptake from occurring rapidly. With an
increase in RH, once the viscosity is reduced and the reacto-diffusive length increases,
uptake of HO> can occur readily at the surface and in the near-surface bulk of the

aerosol.

In the Lakey et al., 2016 study, the reacto-diffusive lengths of HO, were seen to be
between 4-7 nm at the highest RH of 65 % decreasing to between ~0.006-0.05 nm at
the lowest RH of 17 %, shown in Figure 1.13. These reacto-diffusive lengths are much
smaller than the diameter of aerosol particles seen in this study showing that HO>
radical reactions were limited to the outer molecular layers of the particle before fully
reacting away (Lakey et al., 2016a).
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Figure 1.13. HO, uptake coefficient onto copper (I1)-doped sucrose aerosol particles as a function
of (a) relative humidity and (b) aerosol particle viscosity. The fits represent the expected HO, uptake
coefficient calculated using the KM-SUB model with the Price et al., 2014 (red) and Zobrist et al.,
2011 (blue) diffusion parameterisations Zobrist et al., 2011;Price et al., 2014. Image taken from
Lakey et al., (2016).
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1.8.4 Concentration of HO2
As mentioned in section 1.6.2, the self-reaction of HO2 on aqueous aerosol surfaces is
second order with respect to aqueous HO> concentration. This means that an increase

in HO2 concentration should mean an increase in yyo,. The inverse relationship

however is seen experimentally. In a study by George et al., (2013), experiments on
aqueous (NHs)2SOs aerosol observed larger values of yy,, at lower HO
concentrations, most likely due to aerosol surface saturation effects leading to a
reduction in the uptake capacity and therefore a decrease in uptake coefficient at high
initial [HO2] (George et al., 2013). This effect seems to be greater at higher RH,
perhaps due to larger size of the aerosol (more water encasing the solid core of the
aerosol). The experimental dependence of HO, uptake coefficient on initial HO-
concentration for aqueous (NH4)2SO4 aerosol is shown in Figure 1.14 (George et al.,
2013).
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Figure 1.14. Dependence of HO, uptake coefficient on initial HO, concentration for aqueous
(NH.4).S0O: aerosol for 54 % RH (black), 65 % RH (red) and 75 % RH (green). Image taken from
George et al., 2013.
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1.8.5 Exposure Time

The uptake of HO> has a negative time dependence due most likely to aerosol surface
saturation. It is possible that from an initial maximum of the mass accommodation,
the uptake coefficient could slowly decrease to a stable value (Matthews, 2014). The
surface and the bulk of the aerosol may become quickly saturated with HO> thereby
reducing the uptake coefficient from its initial value. Conversely, a reactive
component of the aerosol could be used up over time or the aerosol could become
more viscous with aging leading to a decrease in HO: uptake. For flow tube
experiments in particular longer exposure times could also lead to an increase in HO>
wall loss. Figure 1.15 shows an example of the negative correlation between HO>
uptake coefficient and exposure time for aqueous NaCl aerosols at 60 % RH (George
etal., 2013).
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Figure 1.15. Dependence of HO, uptake coefficients for aqueous NaCl aerosols as a function of
reaction time for two initial HO, concentrations. RH kept constant at 60 %. Error bars are 1o of

average values. Image taken from George et al., 2013.
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1.9 Global Distribution of HO2 and HO: uptake

An example of the annual global OH and HO> concentration distributions, as reported
in Lelieveld et al., 2016, is shown in Figure 1.16. As expected given the higher
concentrations of OH towards the equatorial region, HO2> concentrations are also
highest towards the equator, due to increase in photochemistry, with both OH and HO-
concentrations being lowest globally in the Artic/Antarctic regions. OH concentrations
are highest in the tropics where both UV and water vapour concentrations are high.
This means that the concentration of HO- is higher in these regions due to the recycling
of OH into HO2. However concentrations of HO> are also high in the mid-northern
latitudes where CO and NO: concentrations are high due to increased levels of fuel
combustion. Due to the abundance of NO; in the northern hemisphere, tropospheric
Os is also higher. As such concentrations of OH tend to be higher in the northern
hemisphere due to increased Os. This is reduced in part by increased OH loss due to
high CO concentrations (Jacob, 1999).
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Figure 1.16. a) Global OH distribution in 10% molecules cm. b) Global HO, distribution in 108
molecules cm3, In both cases the left panel shows the annual tropospheric mean while the right
panel shows annual zonal mean up to 10 hPa. The solid black line on the right panel indicates the
average boundary layer height while the upper dashed line represents the tropopause mean height
with the surrounding solid lines the maximum and minimum mean tropopause height. Figure taken
from Lelieveld et al., 2016.
By considering the effect of parameters such as temperature, relative humidity and
aerosols pH, described earlier in Section 1.8, it is possible to model the distribution of
both HO> and the uptake of HO> globally. From this, the potential loss of HO: to
aerosols would be expected to be highest in low temperature regions due to the strong

negative temperature dependence of yy,, .

Macintyre and Evans, 2011 performed a study on the spatial distribution of y,,using

the GEOS-Chem global chemical transport model. In this study a parameterisation for

YHo, Was created based on the available laboratory studies including data for different

particle compositions as well as temperature and RH dependences. GEOS-Chem

model simulations were then run using yyo,Vvalue of 0.2 as recommended by Jacob

(2000), and then using the y,values calculated by the parameterisation. While this
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study neglected to consider the importance of TMI catalysis, and therefore most likely
reported a y0, on the lower end of values reported in previous studies, it can however
be used qualitatively to show the areas where heterogeneous uptake of HO. may be
important globally. It is also important to note that where HO concentration is lower,
the HO self-reaction will be less important and therefore HO2 uptake will be relatively

more important when considering all HO> loss pathways.

In this study a global mean average of 0.028 was reported for yy,, using the new
parameterisation. Higher values were reported at higher latitudes as expected due to
the negative temperature dependence and positive RH dependence of HO2 uptake.
High vy, values were also reported over the west coast of Africa due to high aerosol
loading and higher RH, potentially even higher as TMI catalysis was not considered
in the model. The presence of photo-catalytic substances in mineral dust could also
lead to increased uptake in these regions. Over the Sahara itself the y,,, values where
lower however due to the high temperature in these regions. The results of the global

model showing the mean y,, value for January and July are shown in Figure 1.17.
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Figure 1.17. Surface and zonal mean y g4, for January and July calculated using GEOS-Chem using
a new parameterisation by Maclintrye and Evans, 2011. Image taken from Maclntrye and Evans,
2011.

1.10 Atmospheric Modelling

1.10.1 Zero Dimensional Modelling and the Master Chemical Mechanism

Zero-dimensional models pinpoint a single position in the atmosphere i.e. a box, and
consider only the chemistry occurring within this space with no attention to the
transport of species in or out of this box. For shorter lived species such as OH with
reactive lifetimes of less than a second transport processes are not an important
consideration. OH radical concentrations are therefore controlled by in situ chemistry
making OH ideal for study in chemical mechanisms. However, for longer lived species
such as Oz, transport can be important meaning regional, global or trajectory models
which incorporate transport mechanisms are more appropriate prediction tools. Note
that due to computational limitations, these larger scale models tend to run with
simplified chemical schemes. This is combatted in part by constraining models to

measured values of photolysis rates and concentrations of longer lived species.
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The Master Chemical Mechanism (MCMv3.3.1) is a near-explicit mechanism which
describes the gas-phase degradation of a series of primary emitted VOC’s in the
troposphere. The mechanism considers the degradation of 143 VOC’s and contains
~17000 elementary reactions of 6700 species (Whalley et al., 2013). An advantage of
the MCM is that it treats the oxidation of those that VOC’s that have been thoroughly
studied explicitly. Unfortunately, many VOC’s within the mechanism have not been
studied so the kinetics and branching ratios of the reactions of these VOCs are
unknown. Assumptions based on structure-activity relationships are used to provide

the necessary data to output radical concentrations.

1.10.2 Global and Regional Modelling

In contrast to zero-dimensional box models, 2D and 3D models do include transport
processes. While these larger scale models have a more basic suite of reactions and
species, they have the advantage of considering the global or regional effect of varying
important reactive species through the inclusion of the global or regional distribution
of radical species such as HO2, and how these species change with wind and weather
patterns. Zero-dimensional models, however, can be used in conjunction to identify
which reactions within a particular environment are prevalent and this information can
then be fed into a larger scale model. In this way models of different scales can be

used to complement each other.

The Weather Research and Forecasting model coupled with Chemistry (WRF-Chem)
is a fully online-coupled, regional, numerical weather prediction model (Conibear et
al., 2018). The model includes modules for gas-phase chemistry and aerosol
physiochemical processes and simulates emission, transport, mixing and chemical
transformation of trace gases and aerosols simultaneously with the meteorology
(Conibear et al., 2018). The United Kingdom Chemistry and Aerosols model (UKCA),
however, is a chemistry and aerosol model coupled to the Met Office Unified Model
capable of simulating composition and climate from the troposphere to the mesosphere
(Morgenstern et al., 2009).

1.10.3 HO2 Uptake in Previous Modelling Studies
Numerical chemistry models have a tendency to over predict HO2 especially in low
NOx conditions. For example, during the ClearfLo campaign in London 2012 the

model over predicted HO> by up to a factor of 10 in times of low NOyx which was
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attributed to a missing peroxy radical sink (Whalley et al., 2018). Over-prediction of
HO- could also be due to the absence or underestimation of the uptake coefficient of

HO- onto aerosol surfaces.

HO: uptake has been studied both through modelling and experimentally for over 20
years. Jacob, 2000 recommended an uptake coefficient (y,,) of 0.2 for use within
models. This value is high in comparison to those experimentally determined on a
variety of atmospherically relevant aerosols which are often below 0.01 — this is the
case when aerosols are not doped with transition metals (Jacob, 2000).
Experimentally, when Cu (I1) or Fe (II) catalysts are used yyo, can be seen to be as

high as 0.6 (Taketani et al., 2008).

A parameterisation for y,,, based on an agueous phase mechanism was suggested by
Thornton et al., 2008. For all aerosol types, not including mineral dust within which
catalytic TMIs are naturally abundant, an aqueous phase recombination mechanism
based on the acid-base dissociations of HO. to produce H.O> was used to calculate the
uptake onto tropospheric aerosols. The assumption that transition metal ions were
present in dust aerosols led to the uptake coefficient onto dust being taken as the
constant value of 0.2. Thornton et al., 2008 found through modelling that low values
for yyo,, i.6. <0.05, dominate the lower troposphere especially in tropical regions then
increasing to values of >0.1 in the upper troposphere where it is colder. This
relationship is chiefly because of the negative temperature dependence of the
conversion of HOz (g) to HOz2 (ag) (Thornton et al., 2008). In arid regions such as the
Sahara desert where dust is prevalent, the assumption was made of the presence of
high concentrations of transition metal ions and therefore high y,,, were seen in the
outputs for lower tropospheric regions with high dust outflow. Other assumptions were
also made involving pH, copper ion speciation and mass accommodation coefficient
values making this parameterisation best considered as an upper limit resulting in

higher values of y,, than those seen experimentally (Thornton et al., 2008).

Macintyre and Evans (2011) introduced a new parameterisation using the GEOS-
Chem global chemical transport model run with five externally mixed aerosol types:
black carbon; dust; sulphate; organic carbon and sea salt. The model simulations were

run using both yy,, of 0.2 as originally suggested in Jacob, 2000 and then with new

parameterisations (Jacob, 2000;Macintyre and Evans, 2011). Due to the temperature
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dependence of y,,, the highest values of ~0.1 were found at high latitudes i.e. yo,

increases with a decrease in temperature and an increase in humidity. Warm tropical
regions and regions where sulphate and organic aerosols dominate showed the lowest
values of yy,,at ~0.01. The global mass-weighted annual average yy, was calculated
to be ~ 0.028, much lower than the value of 0.2 suggested in Jacob, 2000. In
comparison, the global mean average of ~0.1 was given in Thornton et al., 2008. This
difference may be due to no assumption being made of the presence of transition metal
ions by Macintyre and Evans so the value of 0.028 is more likely a lower limit for the
uptake coefficient. This study showed on a global scale, the impact of a lower yy,,
only had a small effect on the concentration of oxidants and sulphur species. This
effect was more important regionally however with the conclusion being that
tropospheric chemistry models which neglected to include HO2 uptake processes will
over predict sulphate formation in the lower troposphere while under-predicting it in
the upper troposphere thereby potentially changing the transport and distribution of
sulphur throughout the atmosphere (Macintyre and Evans, 2011).

In a study by Mao et al., 2013 the sensitivity of y,,, to Cu ion concentrations was
shown to be weak when the concentration of Cu ions were in excess of 5 x 10 M:
consistent with Thornton et al., 2008. With a five-fold decrease in Cu concentration,
the yy0, value only decreased from 0.85 to 0.61. This was mainly attributed to the
diffusion limitations of HO> uptake in the aqueous phase showing its rapid reaction
with Cu (Il). Box model simulations of aqueous aerosol chemistry were also
conducted to investigate the effect of Cu-Fe-HOy cycling on the HOx budget. These
simulations gave a range of pH dependant values for y,,from 0.4-1. These values
were incorporated into the GEOS-Chem global model (Mao et al., 2013). However,
values this high for the uptake coefficient are not representative of the global
troposphere as Cu (1) ion concentrations are likely to be much lower than those
assumed within the model in addition to the large uncertainties in aerosol phase and
mixing state. The effect of applying an upper limit of y,,,=1 for all aerosols on the
oxidant chemistry was studied using GEOS-Chem by Mao et al., 2013. The yield of
H>0, was taken as zero with fast conversion of HO> into H>O included instead which
had the effect of bringing the global mean tropospheric OH concentration closer to the
observational constraints, increasing the CO concentration in the model. The modelled
effects of this were seen strongly in the extratropical northern hemisphere and over
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the Southern Ocean where there was high aerosol loading. Modelled surface ozone
concentrations also decreased over North America and Eurasia helping to correct
mean model bias for ozone. Thus, the mechanism of fast HO> conversion to H2O in
aqueous aerosols improved the simulation of tropospheric oxidant chemistry in
GEOS-Chem though not necessarily for the right reasons (Mao et al., 2013).

A more recent study by Li et al., 2018, suggested that the ~40 % decrease in fine
particulate matter over the period of 2013-2017 in China was slowing down the aerosol
sink of HO. radicals and thus leading to increased ozone production. It was found that
changes in PM2s were more important in driving the ozone trends during this period
than NOy or VOC emissions. An uptake coefficient of 0.2 was used for HO; and the
conversion to H20 or H.O> (Li et al., 2018). This value was chosen to be consistent
with laboratory measurements made by Taketani et al., 2012 in which HO> uptake
onto aerosol surfaces collected from 2 sites in eastern China were found to be as high
as 0.23 £ 0.07 and 0.25 £ 0.09 (Taketani et al., 2012;L.i et al., 2018). The reactive
uptake of NOy species with conversion to HNO3z was also included with the uptake of
HO: being by far the dominant effect, accounting for most of the sink of HOx radicals
in the model in eastern China. This effect is the most important in the North China
Plain where PM2 s concentrations are the highest. A sensitivity model simulation was
run by Li et al., 2018 to give the product of the reaction of HO> with transition metal
catalysis to be H20O> instead of H2O and this showed no significant difference. Table

1.1 summarises experimental uptake coefficients of HO, onto inorganic salt aerosols.
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Salt Composition RH /% Y(HO2) Reference

20 0.04 +0.02 Taketani et al., 2008
Dry (NH4)2SO4 aerosol 45 0.05+ 0.02 Taketani et al., 2008

32-54 <0.004 George et al., 2013

20 <0.01 Taketani et al., 2008
Dry NaCl aerosol 45 0.02+0.01 Taketani et al., 2008

33-54 <0.004 George et al., 2013
Dry TiO» aerosol 11 0.021 + 0.001 Moon et al., 2018

66 0.036 + 0.007 Moon et al., 2018

42 ~0.1 Thornton and Abbatt, 2005

45 0.11 £0.03 Taketani et al., 2008

55 0.15+0.03 Taketani et al., 2008
Aqueous  (NH4)2S0s 55 0.003 + 0,005 George et al., 2013
aerosol

65 0.17£0.04 Taketani et al., 2008

65-75 0.01 £0.01 George et al., 2013

75 0.19 £ 0.04 Taketani et al., 2008

53 0.11 £ 0.03 Taketani et al., 2008

54 0.016 = 0.008 George et al., 2013
Agueous NaCl aerosol 63 0.09 + 0.02 Taketani et al., 2008

67-76 0.01 +0.13 George et al., 2013

75 0.10 £ 0.02 Taketani et al., 2008
Aqueous Cu(Il)-doped 42 05+0.1 Thornton and Abbatt, 2005
(NH2)2SO aerosol 45 0.53+0.13 Taketani et al., 2008
Aqueous Cu(ll)-doped 53 0.65 +0.17 Taketani et al., 2008
Aqueous Cu(I1)-doped 53-65 04+0.3 Mozurkewich et al., 1987
NH4HSO4 aerosol 75 0.4+0.08 George et al., 2013

Table 1.1. Uptake coefficients for HO, onto inorganic salt aerosols from previous work. This table has

been updated from George et al., 2013.
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1.10.4 Model-Measurement Comparison of Atmospheric Radicals

Testing current understanding of HOx chemistry using box models often leads to a
significant over-prediction in the concentration of HO> as well as an under-prediction
in HONO suggesting a previously undetermined sink of HO2 and a missing source of
HONO. Heterogeneous uptake is often considered a plausible missing sink for HO2 in
models whereas heterogeneous production on aerosol or ground surfaces is a plausible
source of HONO thereby providing motivation for the study of the heterogeneous
chemistry of reactive species on aerosol surfaces as outlined in this project.

The over-prediction of HO. compared to observed concentrations during field
campaigns has ranged from ~20-95% (Cantrell et al., 1996;Sommariva et al., 2004;de
Reus et al., 2005;Sommariva et al., 2006;Kanaya et al., 2007;Stone et al., 2012) with
many modelling studies estimating the uptake coefficient of HO> as 1, the maximum
possible value (Kanaya et al, 2007; Mao et al 2010). During the ARCTAS 2008
campaign, Mao et al., 2010a measured concentrations of HO over a range of altitudes
in the Artic. Mao et al., 2010a showed that including a HO> uptake coefficient
calculated by Thornton et al., 2008 parameterisation showed better agreement that a
single value for the uptake coefficient. During the London campaign (ClearfLo)
undertaken by the Leeds group in 2012, the detailed box model using the Master
Chemical Mechanism (MCM v3.2) showed a missing peroxy radical sink at low NOx
conditions leading to an over-prediction of HO2 by a factor of 10 under these
conditions (Whalley et al., 2018). In this model, under high NO conditions, modelled
and measured HO2 concentrations were in agreement. Similarly, in an earlier
campaign (NAMBLEX) in 2005 undertaken by the Leeds group at the Mace Head
Atmospheric Research Station, there was an over-prediction on HO. from the models
with the budget for HO2 being closed by the introduction of a reaction with measured
10 and BrO radicals and the uptake to aerosols of HO2 (Smith et al., 2006). A more
recent megacity study comparing the measured values of HO,, observed during a
summer campaign in Beijing (AIRPRO campaign 2017), also over-predicted HO..
This was accounted for partly by a missing OH source in addition to a missing HO>
destruction term (Whalley et al., 2021). This is considered further in Section 7.

During the ClearfLo campaign measurements of HONO were also carried out with the
subsequent model runs under-predicting HONO concentration even with the addition

of extra HONO sources including dark conversion of NO2 on surfaces, direct emission
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of HONO, photolysis of ortho-substituted nitrophenols, the reaction of HO2xH>0 with
NO., photolysis of adsorbed HNOz on ground and aerosol surfaces and photolytic
conversion of NO on surfaces. The ensuing study by Lee et al., 2016 concluded that
the missing HONO source was in correlated to NO and required sunlight. Increasing
the photolytic conversion of NO2 on surfaces by a factor of 10 served to close the
HONO daytime budget at all times suggesting a source of HONO from the
heterogeneous reaction of NO2 on urban surfaces (Lee et al., 2016). Table 1.2
compares the measured and modelled values of OH and HO; for field campaigns in

the last 2 decades.
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OH measured  OH measured/ HO,; measured  HO, measured /

Campaign, Location Month, Year Notes Reference
(108 cm®) modelled (108 cm3) modelled
PMTACS-NY2001, New
Jun - Aug, 2001 7 0.91 1 0.81 Midday av.  Ren et al., 2006
York, US
] Kanaya et al.,
IMPACT, Tokyo Japan Jan — Feb, 2004 15 0.93 0.27 0.88 Midday av. 2007
IMPACT-L, Tokyo, ) Kanaya et al.,
Jul — Aug, 2004 6.3 0.86 2.31 1.29 Midday av.
Japan 2007
PRIDE-PRD2006, _
) July, 2006 12.32 2.12 1.752 0.94 Midday av. Luetal., 2012
China
Value at
TRAMP, Texas, 2006 Aug — Oct, 2006 15 1.6 1.2 1.37 Chen et al., 2010
12:20 pm
Midday av. Whalley et al.,
ClearFlo, London UK Jul - Aug, 2012 2.1,2.8 0.75, 0.67 15,06 0.3,0.31
(SW, E) 2018
Wangdu, China Jun —Jul, 2014 9 15 9 0.9 Midday av. Tan et al., 2017
BEST-ONE, Beijing, _
) Jan — Mar, 2016 2.2 2 0.5 25 Midday av.  Tanetal., 2018
China
PKU, Beijing, China Nov — Dec, 2017 1.4 1.4 0.3 7.5 Midday av. Ma et al., 2019

Table 1.2 Model-measurement comparisons of HO, from campaigns worldwide. Table has been modified from the thesis of Slater et al., 2020.
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1.11 Project Outline

The overall aims of this project are to:

1.

Improve understanding of the role that aerosols play in the change in gas-phase
composition of the troposphere.

Improve understanding of uptake and production of reactive gas-phase species
through heterogeneous chemistry on aerosol surfaces.

The objectives of this project are as follows:

1.

To measure the production rate of HONO from illuminated TiO- aerosols as a
function of NO2 and use a kinetic box model to investigate the possible reaction
mechanisms for the formation of HONO from NO> uptake on aerosol surfaces.
To investigate the production of HONO from particulate nitrate photolysis
with and without TiO2 present on ammonium nitrate aerosol surfaces.

To build and calibrate a potential aerosol mass chamber for the production of
secondary organic aerosols from the oxidation of volatile organic compounds.
To measure HO> uptake coefficients on a-pinene and limonene-derived SOA
surfaces.

To quantify the impacts of HO, uptake on aerosol surfaces using box
modelling studies by means of the Master Chemical Mechanism.
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2 Experimental Methods for HO; Uptake from
Aerosol Surfaces

2.1 Overview of Experimental Set-up

The uptake of HO> radicals onto aerosol surfaces was studied using an aerosol flow
tube coupled to a Fluorescence Assay by Gas Expansion (FAGE) cell which allowed
the highly sensitive detection of HO: via the conversion to OH followed by Laser
Induced Fluorescence (LIF) detection at low pressure. The system worked by flowing
aerosols, either generated using an atomiser or by OH-initiated or Oz chemistry within
a Potential Aerosol Mass (PAM) chamber, through a laminar flow reactor with HO>
added from a moving injector. The decay in HO2 concentration was then determined
as a function of exposure time. A Scanning Mobility Particle Sizer (SMPS) was used
to characterise the aerosols leaving the flow tube reactor. A schematic of the aerosol

flow tube system, coupled to the HO. detection cell is shown in Figure 2.1.

To vent
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HEPAFilter Bubblers MFCs
1
re——
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Atomizer Conditioning Flow Tube
MFCs
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FAGE Cell CPM " (3t4.3 cm) L

/Reaction Flow Tube

—
< To Pump ¥ a > p— Water Bath
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HglLamp  |njector Stepper
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Figure 2.1. Schematic diagram of the aerosol flow tube system used to study the uptake of HO onto
aerosol surfaces. CPM: Channel Photomultiplier, HEPA: High Efficiency Particulate Air filter,
FAGE: Fluorescence Assay by Gas Expansion, RH: Relative Humidity, T: Temperature, MFC: Mass

Flow Controller. Image taken from George et al., 2013.
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All aerosol experiments were conducted at room temperature (295 + 3 K) using
nitrogen as a carrier gas. Whenever departmental nitrogen was used as the carrier
gas for the experiment, the flow was passed through a gas purification system (TSI
3074 B) which was comprised of two filters which remove water, oil droplets and
particulates, a membrane dryer to remove excess moisture and finally a carbon filter
to remove any lingering oil vapour. This filter purification system removes
99.99995 % of particles of 100 nm in diameter at a velocity of 10 cms™. A schematic

of the purification system is shown in Figure 2.2.
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Figure 2.2. Gas purification system TSI model 3074B. Used for removal of contaminants from

the departmental nitrogen supply TSI, 2008b.
The FAGE detection cell was kept at low pressure, 1.2-1.3 Torr, by using a rotary
pump (Edwards, E1IM80) and a roots blower (Edwards, EH1200) in combination. All
gas flows were controlled using mass flow controllers (MKS and Brooks). The relative
humidity (RH) and temperature of the gas flow leaving the flow tube was measured
using a RH/T probe (Rotronics HC2-S, accuracy 1 % RH). A chilled mirror
hygrometer (General Eastern Optica) was used to calibrate the RH/T probe.
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2.2 HO:2 generation

The HO: radicals were generated within a sliding injector inside the aerosol flow tube
by passing a flow of humidified nitrogen containing trace amounts of oxygen over a
185 nm mercury lamp. The subsequent photolysis of H2O vapour produced H atoms
that rapidly reacted with the O in the nitrogen flow to give HO> radicals (George et
al., 2013).

185nm
H,0 + v —— OH + H R2.1
M

By keeping the flow through the sliding injector as well as the current of the mercury
lamp constant it can be assumed that the initial concentration of HO, generated,
[HO:]o, defined as the concentration at the first injector position within the flow tube,
remained the same throughout the entirety of the experiment. As shown in R 2.1, OH
is also produced by the photolysis of water. Any OH produced however was rapidly

lost to the walls of the injector and so was not observed exiting the injector.

2.2.1 The Sliding Injector

The sliding injector, shown in Figure 2.3, was used to vary the exposure time of HO>
to the aerosols contained in the flow tube reactor. The injector (110 cm length, 1.9 cm
external diameter, 1.6 cm internal diameter) was made from stainless steel and
contained a 185 nm mercury lamp at the inlet. This lamp was located at the furthest
point from the detection cell, to allow for any heat created to dissipate before entering
the flow tube. The inside of the injector housed a Teflon tube (1.5 cm external
diameter, 0.8 cm internal diameter) used to reduce HO, wall loss down the length of
the injector and to ensure all OH generated from R 2.1 was lost to the walls and did
not enter the flow-tube. The tip of the injector was made from Teflon and drilled with
20 x 1 mm holes equally spaced around the circumference 0.5 cm from the tip to allow
the injector flow entering the flow tube to be perpendicular to the aerosol flow. This

ensured turbulent mixing (Moon, 2018).
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Figure 2.3. Sliding injector used for the addition of HO; radicals into the flow tube during HO;
uptake experiments. Image taken from Moon, 2018.

2.3 Aerosol Flow Tube

A borosilicate glass flow tube reactor (100 cm L, 5.9 cm OD) was used to measure the
kinetics of HO. uptake on aerosol surfaces. Glass was used due to the reactive uptake
of HO. being sensitive to transition metal contamination; it was also useful to be able
to see the position of the sliding injector within the flow-tube. The walls of the flow-
tube were coated with Halocarbon wax to reduce the loss of HO; to the walls. This
was done by dissolving the wax into a chlorinated solvent, usually dichloromethane,
and pouring it into the flow-tube, turning it periodically to get an even coverage. The
wax layer could then be removed for cleaning using large ovens. The end of the flow
tube furthest from the injector port was connected to the FAGE cell with a
compression fitting containing an O-ring (Moon, 2018). The temperature was taken
using a calibrated probe (Rotronics HygroClip2, + 0.1K) located either by the injector
port or at one of the ports closest to the FAGE cell. A Scanning Mobility Particle Sizer
(SMPS), fully described in Section 3.3.4, was attached after the flow-tube to measure
the aerosol particle number and surface area size distributions. An ozone analyser
(Thermo Fischer, model 49i) was also connected to the exhaust of the flow-tube by

the FAGE cell. Figure 2.4 shows the flow-tube attached to the FAGE cell.
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Figure 2.4. Aerosol flow tube setup showing connection to the FAGE cell of the right. Sliding

injector is shown on the left.

2.4 Aerosol Generation using a Potential Aerosol Mass Chamber

A Potential Aerosol Mass chamber provided a stable method for the generation of
secondary organic aerosols. Potential Aerosol Mass (PAM) is defined as the maximum
aerosol mass that can be produced by the oxidation of precursor gases. Within a PAM
chamber, the precursor gas or gases were rapidly oxidized by excess concentrations of
oxidant leading to the formation of low volatility compounds which partitioned to
form SOA. The level of oxidant could be varied by changing the UV light intensity.
For experiments where O3 was the oxidant, a 185 nm mercury pen-ray lamp, housed
before the chamber, was used to convert O (in air flow) to O3, R 2.3 and R 2.4. For
experiments where OH was the oxidant, 254 nm lamps housed inside the chamber
were used to convert Oz to OH, R 1.1 and R 1.2.

0, + hv 22 506G p) R23
20(3P) + 20, - 204 R 2.4
03 +hv - 0(*D) + 0, R1.1
0('D) + H,0 — 20H R1.2

The Leeds PAM chamber is a 16.5 L pyrex cylinder (50 cm L and 20.5 cm ID)
containing 4 quartz tubes which house 4, 254 nm UV lights used for the production of
OH and flushed with N2 to cool. A single ozone-producing 185 nm mercury lamp was
placed in-line to the flow of air before the PAM chamber inlet. A bypass flow was
used to control the ratio of air flowing past the 185 nm lamp, thereby controlling the
O3 production. VOC precursors were added into the chamber via a bubbler set up
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which was used to vaporise the VOC e.g. limonene by flowing nitrogen gas through a
dilution of VOC in milli-Q water, usually a 1/30 or 1/40 dilution, and then adding this
flow into the larger inlet flow containing air and the chosen oxidant. Five MFCs were
used: Two for air to control flow past the Hg lamp for Oz generation, one humidified
(20 slm, MKS) and one dry (1 sim, MKS); one for nitrogen 254 nm lamp flush (5 sIm,
MKS); one for nitrogen, to bubble the precursor VOC into the chamber (1 sim, MKS);
and one for a makeup flow of air added after the PAM chamber to increase the flow if
necessary (5 sim, Mykrolis). The flow through the chamber was kept low enough to
ensure laminar flow, with a Reynolds number of ~42 for a flow rate of 6 Ipm. Two
charcoal denuders were added in series after the PAM chamber to remove residual
VOC and Oz from the flow before it passed into the flow tube. FAGE instruments have
been shown to be sensitive to detection of certain RO2 species in HO, detection mode.
These RO> species derive from alkene or aromatic VOCs and so any residual
monoterpene in the flow tube could lead to an RO; interference if VOC + OH reactions
of VOC + Og reactions were permitted to occur within the flow tube. Any O3 could
react with HO; to artificially increase the loss of HO2 within the flow tube as the
injector is pulled back if allowed to pass into the flow tube. Figure 2.5 shows a
schematic of the SOA generation system and Figure 2.6 shows the Leeds PAM
chamber with the UV lights on.

to FAGE
cell

SMPS
charcoal denuders

®
®

PAM &
chamber &
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Figure 2.5. Leeds SOA generation setup. MFC: Mass Flow Controller, PAM: Potential Aerosol

Mass, SMPS: Scanning Mobility Particle Sizer, VOC: Volatile Organic Compound.
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Figure 2.6. Leeds PAM chamber with 4 UV lights.

2.5 The FAGE Instrument

2.5.1 FAGE Principle of Operation

The lifetime of the OH radical in the atmosphere is short, usually much less than 1 s.
Its concentration, which is low making it difficult to measure, is controlled on a local
scale by the variation of sunlight, Oz levels, water vapour concentrations and
concentrations of pollutants. Due to this, in-situ measurements of OH are extremely
difficult. The three most commonly used methods which provide a high enough
sensitivity are differential-optical absorption spectroscopy (DOAS), selected ion-
chemical ionisation mass spectrometry (CIMS) and laser induced fluorescence
spectroscopy (LIF) (Heard, 2006a).

Laser Induced Fluorescence was first proposed as a detection method for atmospheric
OH radicals in 1972 (Baardsen and Terhune, 1972). Fluorescence spectroscopy is used
to probe the electronic states of molecules such as OH, by excitation of electrons from
the molecules ground electronic state to an electronically excited state. Electronic
states are split into vibrational levels which are then split further into rotational levels.
Vibrational levels result from the vibrational motion of the nuclei which occurs when
there is a change in potential energy of the molecule i.e. when a bond is stretched or
compressed. Rotational levels result from the overall rotational motion of a molecule.
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During fluorescence spectroscopy, an electron will be excited from the ground
electronic state usually to the first excited electronic state (to one of the ro-vibrational
levels within this state) through the absorption of light with a wavelength
corresponding to the energy gap between the two electronic states. The molecule can
then lose this energy through several processes namely; fluorescence; quenching;
inter-system crossing; internal conversion or vibrational energy transfer (Brown,
1998). When OH radicals are excited to the v’ = 0 state, the only means of relaxation
back to the ground v” = 0 state is by giving out light in the form of fluorescence or
through collisional quenching with another molecule, such as N2 or Oz (Heard, 2006b).
Quenching through collision with a bath molecule removes the excess energy and
converts it into thermal motion or internal excitation of the non-fluorescent species.

This is shown schematically in Figure 2.7.

A

Potential Energy

Internuclear Separation

Figure 2.7. Schematic of the potential energy curves of OH. Excitation from ground electronic state
to first excited electronic state shown in black. Emission via fluorescence shown in navy and
collisional quenching shown in teal. M is a bath gas such as O, or N». Image reproduced from Heard,
2006b.
On-resonance Laser Induced Fluorescence (LIF) works by exciting the OH radical and
detecting the fluorescence that follows when it relaxes back to its ground state at the

same wavelength. A major problem with LIF is separating the fluorescence signal
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from the intense laser radiation scattered by the gaseous components in air via
Rayleigh scattering and by any aerosols present by Mie scattering (Heard, 2006a). The
walls of the LIF instrument used can also add to the scattering of light. To avoid this,
off-resonance fluorescence can be used meaning that the OH is excited at a different
wavelength to that which is fluoresces at, i.e. not 308 nm. Any scattering of light can
be reduced by exciting at 282 nm in the AL* (v' = 1) « X 2ITi (v" = 0) band and then
collecting fluorescence from the A%L* (v' = 0) — X 2II; (v" = 0) transition (Heard,
2006a), shown in Figure 2.8.

vl=1 A22+

Dye Laser
~282 nm Fluorescence

~308 nm

X211,

Figure 2.8. Off-resonance fluorescence detection of OH radicals. Q represents quenching. Figure

adapted from Heard, 2006a.
At 760 Torr, this transition has a low quantum yield for fluorescence of excited OH.
Both on and off resonance fluorescence techniques are therefore conducted in low
pressure detections cells to extend the fluorescence lifetime. In addition, excitation at
282 nm using low rep rate (10 - 20 Hz), high pulse energy lasers leads to an
interference caused by the photolysis of ambient Oz to produce OH in the laser beam
through R 1.1 and R 1.2. This is the major pathway for OH generation in the
atmosphere, however, Oz has a much higher absorption cross-section at 282 nm than
at >290 nm and a laser has a much higher photon flux in comparison to actinic flux
meaning that the OH generated from laser photolysis of Oz is much higher at 282 nm
than the ambient OH signal (Heard, 2006a).

Due to this Oz interference, tropospheric LIF instruments tend to use on-resonance
fluorescence to excite the OH at 308 nm and then measure the fluorescence at the same

wavelength. The use of high rep rate (3- 5 kHz) low pulse energy lasers and low
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pressures (to rapidly move sampled air from detection region) minimises the ozone
interference. Furthermore, at 308 nm the absorption cross section of Oz is much lower
compared to at 282 nm thereby reducing Oz interference, from laser generated OH
(Heard, 2006a). In addition, the OH absorption cross-section at 308 nm is ~6 times
higher than that at 282 nm, and the Os/H-0 interference is about 30 times smaller at
308 nm compared to that at 282 nm (a combination of the lower O3 absorption cross-
section and lower O(*D) quantum yield). For stratospheric LIF instruments however,
the lower sampling pressure leads to a higher fluorescence quantum yield of OH and
therefore a higher signal to noise ratio. This means that any interference of O3 has a
diminished effect (Heard, 2006a) making off-resonance more useable for stratosphere
LIF measurements as compared to tropospheric measurements. Additionally, the
much lower water vapour concentration in the stratosphere means that any Oz which

is photolysed by the laser to O(*D) will not form OH.

The FAGE technique involves the on-resonance detection of the OH radical by LIF
via the excitation of the A?Z* (v = 0) « X 2IT; (v" = 0) Q1(2) transition at ~308 nm.

This is shown in Figure 2.9.
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Figure 2.9. Energy level diagram showing the excitation and fluorescence of OH in the FAGE

technique. R represents changes in rotational energy levels. Q represents quenching. Figure adapted
from Heard, 2006a
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2.5.2 FAGE Cell and the Detection of HO2

The FAGE cell, shown in Figure 2.10, was connected to the end of the flow tube with
a 0.7 mm diameter sampling pinhole in the centre axis, 4.3 cm from the end of the
flow tube. The cell was kept at ~1.3 Torr by a rotary pump (Edwards E1M80) and a
roots blower (Edwards, EH1200). This increased the lifetime of the OH fluorescence
S0 as to ensure it was distinguishable from the laser scatter background using a gated
multi-channel plate photomultiplier (MCP 325 Photek). The pressure of the cell was
monitored using a pressure gauge (MKS Instruments 722A11TBA2PA). The air from
the flow tube was sampled through the pinhole at ~ 5 Ipm into the centre of the FAGE
cell. The 308 nm laser was delivered to the baffled arms of the FAGE cell via an optic
fibre (Oz Optics) and through the centre of the cell and then out the opposite baffled
arm to hit a photodiode (New Focus 2032). A constant reading of the 308 nm laser
power allowed for normalisation of the OH signal to fluctuations in laser power. The
fluorescence of OH was detected perpendicular to the 308 nm laser and the main gas
flow, with the MCP positioned above the centre of the FAGE cell. The fluorescence
signal generated from the laser pulse then passed through a 308 nm bandpass filter
(Barr Associates, 308 nm, FWHM=8 nm, ~ 50 % transmission) and focusing lenses
before reaching the MCP detector to remove light of any other wavelength and to focus
the light onto the photocathode within the detector. A back-reflector was installed at
the base of the FAGE cell directly beneath the MCP to catch and reflect any
downwards travelling fluorescence back up towards the detector, increasing the signal

by ~ 40 %. A schematic of the detection cell is shown in Figure 2.10.
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Figure 2.10. Schematic of the FAGE cell used to measure HO (not to scale). Top panel shows cross-

section of cell taken from the side, as if looking down the baffled arms of the cell with the laser path

going through the image. Bottom panel shows a cross-section of the same cell from the front,

showing the path of the laser from left to right through the arms.
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NO (50 sccm, 99.5 %, BOC) was injected into the FAGE cell through a stainless-steel
port in the cell, ~ 5 cm downstream of the pinhole, to convert HO, into OH to allow

for detection.

HO, + NO - OH + NO, R1.13

M
OH + NO - HONO R1.18

The OH radical produced was measured using on-resonance detection by Laser
Induced Fluorescence via the excitation of the A’Z* (v = 0) « X 2ITi (v" = 0) Q1(2)
transition at ~308 nm (Heard, 2006a). The 308 nm radiation required was produced
by a Nd:YAG pumped dye laser (JDSU Q201-HD, Q-series, Sirah Cobra Stretch) at a
pulse repetition rate of 5000 Hz. The 532 nm green light produced by the Nd:YAG
laser was passed through a dye cuvette containing a mixture of laser dye in
ethanol/methanol to generate 616 nm red light. The red light then passed through a
BBO doubling crystal to give the necessary 308 nm UV light: a process referred to as
frequency doubling where 2 photons with the same frequency interact with a non-
linear material and are combined to create a photon twice the frequency of the initial
photons. The dye for the laser was made by dissolving 1 g of DCM ([2-[2-[4-
(dimethylamino)phenyl]ethenyl]-6-methyl-4H-  pyran-4-ylidene]-propanedinitrile)
special into 2 L of ethanol/methanol. A schematic of the dye laser is shown in Figure

2.11.

Cables to power supply

. and cooling unit
Dye laser Unit Shields
532 nm
JDSU Nd:YAG 12 W 532 nm

Reference Cell

Compensator Sepération B splitt
eam Splitter
optics P 100%
T — \ reflection mirror
/’\ BBO crystal
Dye cuvette Grating Optics _ . Fibre
Laser dye circulation Launcher

To dye circulator

Figure 2.11. Schematic of the 308 nm pulsed dye laser and reference cell showing one beam splitter.
Up to three beam splitters can be used to divide the light into up to 3 fibre launchers while still

delivering 5% of laser light to the reference cell.
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A maximum of 95 % of the UV light from the laser was directed to a fibre launcher
(Oz Optics) and via an optical fibre cable (Oz Optics) and a fibre collimator (Oz
Optics), entered the FAGE cell via a sidearm fitted with optical baffles to reduce any
laser scatter. Typically, the fibre was set to deliver 2-8 mW of power though tuning
the power of the green light from the YAG laser allowed finite control of the beam
power entering the fibre launcher. If the power dropped below 2 mW the laser was
tuned up to max UV power output. The power of the UV light entering the fibre was
kept below 30 mW to avoid burning the fibre head and any long-term damage to the
fibre.

2.5.3 Reference Cell

A reference cell was necessary to ensure the 308 nm laser was tuned to the peak of the
OH transition; the Q1(2) rotational line of the A2Z* (v = 0) « X 2I1; (v" = 0) transition.
The reference cell provided a constant, high concentration of OH — generated by
thermolysis of H20), using a hot filament made from 80:20 Ni:chrome wire attached
to a power supply (~5.3 amps, ~4 V), using a beam splitter. Like the detection cell, the
reference cell was held at low pressure, ~ 2 Torr. A small percentage, usually ~ 5 %,
of the UV light generated by the Nd:YAG pulsed dye laser was directed into the
reference cell which was used to measure the fluorescence with a Channel Photo-
multiplier (CPM). This allowed the laser scanning software to scan the OH transition.
When the software was scanning for the transition peak, two scans had to agree to a
threshold chosen by the user, usually 97 %, to ensure the maximum of the OH
transition peak was found accurately. This was the “online” wavelength and was kept
constant for the duration of an experiment. The online position allowed the
measurement of OH fluorescence signal, laser scatter, and detector dark counts. For
most FAGE cells, the detector must be switched to a low gain state, known as “gating
oft”, to avoid over-saturation of the detector by the laser pulse. Unlike during LIF
detection in the FAGE cell, the CPM in the reference cell was left ungated. This was
because the laser power at 5 % power was low enough to not lead to saturation of the
detector but also because the OH concentration was high enough that it could be seen
above the laser scatter without having to remove the scatter by gating, this is further
explained in section 2.5.4. An example scan of the reference cell is shown in Figure
2.12.
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Figure 2.12. An example scan of the reference cell showing the initial scan across the peak, the

online measurement and the offline measurement.
The “online” wavelength was kept constant for either a defined length of time or until
the laser started to drift off the line. The laser drifting away from the OH transition
peak eventually led to a drop in fluorescence signal. At this point, the laser could be
moved 0.02 nm off the transition wavelength to a position where OH does not absorb
UV light. This was the “offline” wavelength. Measurement of an offline position
allowed the background signal generated from, scattered laser light and detector dark

counts to be recorded.

2.5.4 Data Acquisition Cycle

Timing for the FAGE instrument was controlled by a delay generator (Stanford
Research systems Inc. Model DG535) triggered by an internal trigger system within
the laser, to. to was used to start the gating cycle from which the MCP and photon
counting card (PCC, Becker and Hickel, PMS-400a) could be triggered. Gating of the
MCP was required to reduce the measurement of the laser scatter that overlaps with
the OH fluorescence. The MCP was therefore “gated off” meaning the flow of
electrons to the MCP was halted (held in a low gain state) for a certain length of time
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to allow the laser pulse (~ 40 ns) and ensuing scatter to drop to a level low enough to
be minor compared to the OH fluorescence signal. The MCP was then gated back on
to allow the measurement of the OH signal and any background signal (detector dark
counts) by the PCC. The background signal alone was measured by the PCC during
gate B to allow for subtraction of this from the OH signal (Eq 2.1). The gate timings

are shown in Figure 2.13.

)
T 1 ps = 10 ps 20 ps
>
Laser scatter o
\
N
\ \\ OH fluorescence
\\ i Cé€
S =
Laser s
MCP On
off
OH and Solar background
background signal signal
PCC Gate A Gate B

Figure 2.13. Schematic showing the data acquisition cycle for the FAGE instrument measuring HO;
uptake. MCP: multi-channel plate. PCC: photon counting card. Image is not to scale. Gate A is 1us
in length and measures the OH present and any background signal while Gate B is 20 s in length
and measures the solar background signal (which is not relevant for these experiments).
A full gating cycle lasted 200 ps and is started with the Nd:YAG pumped dye laser
sending a to trigger to both the Q-Switch within the laser to fire a pulse of light and to
the delay generator to switch on the MCP and the PCC. The MCP was “on” for the
entire cycle with the exception of the gated region whereas the PCC was off for the
entire cycle with the exception of the two gates, Gate A, directly after the return of the
MCP to the on/high gain state, and Gate B, where it was triggered on. Once the MCP
was on, the OH fluorescence signal was collected within a 1 ps bin (Gate A, Asig). The
signal in Gate B was then subtracted, though this signal was negligible for this
experiment due to lack of solar background.

Bsig
20

OH signal = Ag;g — Eg2.1
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2.6 FAGE Calibration

FAGE is not an absolute technique meaning that to determine the absolute
concentration of OH or HO», a calibration is required. Calibrating yields a calibration

constant,Cy,, Which can then used to convert the FAGE signal into an absolute HO>

concentration via the following relationship:
Sho, = Cho,[H0,] Eq 2.2

where Sy, is the FAGE signal produced in counts mw-=!s?, Cro, is the calibration

factor in counts mW? st molecule* cm® and [HO;] is the concentration of HO> in

molecule cm.

Cro, also provides information about the instrument sensitivity with high values of
Cho,indicating a high degree of sensitivity to changes in HO2 concentration and

therefore a lower limit of detection.

Cho, Was calculated by recording the HO: signal at different known concentrations of

HO., by the photolysis of water vapour in the presence of oxygen using the mercury
lamp to produce OH and HO- in a 1:1 ratio as shown in R 2.1 and R 2.2. The rate of
production of OH and HO> can then be given by:

d[HO,] d[OH]
— = = H:0).0,0.00n.F Eq 2.3

where oy, is the absorption cross-section of water at 185 nm
(01,0185 nm= 714 x 10 cm? molecule™® (Cantrell et al., 1997), ¢,y is the quantum
yield of OH radicals produced by photolysis of water (1) and F is the photon flux of

the mercury lamp (photons cm™ s2).

Integrating Eq 2.3 with respect to the irradiation time, t, gives an expression from

which an absolute concentration of HO» was calculated:
[HOZ]t = [HZO]'O-HZO'(pOH'F't Eq 24

on,0 and oy are both well defined but F.t had to be determined using chemical

actinometry which involved passing N2O in air through the calibration system. The

following reactions then occurred:

A=185nm
N,0 + hv ——— N, + 0(*D) R25
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ey
0(*D) + 0, - 0(3P) + 0, R 2.6

0(*D) + N, ’30(31)) + N, R27
0(1D)+N20'30(3P)+N20 R2.8
0(*D) + N,0 '3N2 +0, R2.9
0(*D) + N,0 % ono R 2.10

For a residence time in front of the calibration wand lamp (0.074 s at 40 Ipm flow),
less than a ppb of Os is produced from the trace amounts of O2 in cylinder nitrogen.
This coupled with the slow rate coefficient of Oz + NO, i.e. koz+no=1.8x10"1* cm
molecules™ s (Atkinson et al., 2004), means that the [NO] is not significantly reduced
by any Os produced. As such the reaction of NO and Os is not considered in Eq 2.6.
Actinometry experiments have been done previously in both air and N2 and the same
flux, within error, was calculated once quenching of O'D was considered showing

NO+0Os3 does not have a significant effect on the [NO].

The NO produced was measured using an NOy analyser and the F.t at different lamp
currents was determined using Eq 2.6 determined after applying the steady state
approximation for O(*D), shown in Eq 2.5.

d[0('D)]

dt = [NZO]'O-NZO'(pO(lD)'F Eq 25

[NO](k1[02] + k2 [N,] + (k3 + k4)[N,0])
2kSUNZOQl’O(lD) [N,0]?

Figst = Eq 2.6

The FAGE calibration setup consisted of a narrow aluminium flow tube, known
henceforth as the “calibration wand”, containing a mercury penray lamp through
which a flow of humidified air was passed. The air was humidified using a bubbler
and the concentration of water within the flow was measured using a dew-point
hygrometer (CR4, Buck Research Instruments). The mercury lamp was located at the
end of the wand closest to the FAGE inlet so as to reduce OH wall loses and losses to
impurities in the gas flow. The outlet of the wand was placed at 45° to FAGE inlet so
as to not directly push the flow into the pinhole, thereby minimising radical losses to
the pinhole surface. The lamp outputted 184.5 nm radiation which photolysed water
vapour to give OH and HO- radicals, as shown in R 2.1. A schematic of the calibration

set up is shown in Figure 2.14.
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Figure 2.14. Schematic of FAGE calibration set up. MFC: Mass Flow Controller. FAGE:

Fluorescence Assay by Gas Expansion.

The HO; signal was measured over a range of known HO> concentrations. The FAGE
signal was normalised to laser power and plotted against the concentration of HOx

entering the FAGE cell. From Eq 2.2 the gradient of the plot was equal to Cy(,. An

example calibration plot is shown in Figure 2.15.
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Figure 2.15. HO; (purple) and OH (black) calibration curves. Error bars represent +1c with the linear
least squares fit shown in black (OH) and purple (HO2). The gradient (i.e. the calibration factor) is

in units of counts s* mW-! molecule’* cm?® and the intercept is in units of counts s> mw-2,

2.7 Experimental Procedure and Data Analysis

The procedures for measuring the heterogeneous uptake of HO: onto aerosols
described in the next section are based off several studies (George et al., 2013;Lakey
et al., 2015;Lakey et al., 2016a;Lakey et al., 2016b;Moon et al., 2018).

2.7.1 Background Signal measurement

A background signal measurement was always done at the start of the experiment to
determine the zero of the FAGE instrument. The injector was placed 30 cm from the
pinhole of the FAGE cell and the following background conditions were recorded:
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Condition Mercury NO flow to Background Measurement

lamp FAGE cell
1 Off Off Measured dark counts and laser scatter
2 On Off Measured OH produced from photolysis of
water in the production of HO; from injector
lamp, darks counts and laser scatter. Usually
very similar to condition 1 as OH was rapidly
lost to the walls of the injector between the
lamp and the injector tip.
3 Off On Contaminants from the NO gas cylinder.

Table 2.1. Description of background measurements for FAGE instrument measuring HO uptake from

aerosol surfaces.

2.7.2 Moving Injector Experiment

The moving injector experimental procedure was used for water soluble aerosols that
could be generated by the atomiser, i.e. inorganic salt aerosols and TiO», and for
experiments using SOA generated in the PAM chamber, fully described in Section
2.4. This procedure measured the HO> signal from the injector, i.e. HO2 source, at
different positions along the flow tube, typically ranging from 30 cm to 70 cm from
the FAGE inlet, generally in 5 or 10 cm intervals. A computer controlled linear stepper
drive (Parker L50i) was used to control the position of the injector from the inlet.
Taking measurements without the presence of aerosols allowed the measurement of a
wall loss rate of HO: (k,,4;;)- Wall loss decays were taken periodically throughout the
course of an experiment. The HO> signal was averaged over 30-60 s (an average of
30-60 points at 1 s increments) at each injector position with a slight delay at each
position to allow the flow tube to flush through. This ensured that the FAGE signal
seen was from the HO. produced at the injector’s current position rather than its
previous position and allowed for any mechanical movement effects to diminish.
Having completed the full run of injector positions with aerosols present the entire

procedure was repeated at different aerosol concentrations.
From first order principles the loss of HO> due to uptake is:

d[HO0,]
dt

= —kt Eq2.7
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The HO- concentration as a function of t can therefore be expressed as:

In [HOZ]O = —kt Eq 2.8

Where [HO,], is the concentration of HO> at time t and [H 0], is the concentration
of HO; at time = 0 (generally defined as when the injector is in its initial position), k
is the sum of k,;, and the k,,,;; values for the injector position. ks is the observed
pseudo-first-order rate coefficient for the uptake of HO2. k,,s and k., were
obtained from the gradient of a plot of In(HOz signal) against residence time, t, with
and without aerosols present respectively: an example of which is shown in Figure
2.16.

7.0 T l L) I L) I L l T I T
6.5 - % _
© a6 % % %} %k%\ o -
:C/ | ——
5.5 1 —
1 slope=-0.045+0.004 1
Kk, =-0.02 +0.002
5.0 ' 1 T | T T T T ' T '
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t/s

Figure 2.16. Example of In(HO2) vs t / s for a wall loss experiment i.e. without the presence of
aerosols for a relative humidity of 65 %. The error bars represent 1 o. The gradient of the wall loss
(Kwan) was -0.02 + 0.001.
k,p»s could then be corrected for wall losses by subtracting k,,4;;- This however does
not account for non-plug flow conditions (where the flow at the centre of the flow tube
is faster than that at the walls due to friction and there is therefore a HO> gradient
moving from the walls ). Using a methodology described in Brown et al., (1978), Kobs
was corrected for wall loss and diffusion under non-plug flow conditions which gave

k', the pseudo-first-order uptake of HO> onto aerosols (Brown, 1978). The corrected
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k’ values were ~10-40% higher than the Kobs-kwail Values. An example of the difference

in corrections is shown in Figure 2.17.
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Figure 2.17. An example showing difference between Brown corrected k’ values and Kops-kwail Values
for an experiment with limonene-derived SOA aerosols. The gradient is 1.054, giving an increase of

5.4 % in k’ compared to Kobs-Kwall.
The Brown corrected rate coefficient, k' is then related to y,,s by the following

equation:

. Yobs®WH0,S

Where wy, is the molecular thermal speed of HO2 (m s1), and s is the observed

uptake of HO. obtained from a plot of k' vs S, an example of which is shown in Figure
2.18.

72



0.14 ——
R e .
0.10 - | ‘ , i
For: 8 O —— rrrrrrrrrrrrrrrrrrrrrrrrrrr S & D—— rrrrrrrrrrrrr .

< 0.06

s 1
—o—
—o—
\ o
. B
N
\\

0.02

0.00 - %/ e e

T T | T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Aerosol Surface Area / m*m™

Figure 2.18. First order rate coefficient, £’ (s1), after brown correction, plotted against aerosol
surface area (m? m-3) for ammonium sulphate aerosols. RH = 65 + 2%. Uptake coefficient of HO; of
0.04 + 0.01 calculated from the gradient. Error bars represent 1 o.
The uptake coefficients calculated should be corrected for gas phase diffusion. If there
is a large uptake of HO; or the aerosol radius is large, the concentration of HO> could
be depleted by the surface leading to an under-prediction of the uptake coefficient. To

correct for diffusion limitation the following formulas can be used:

Yobs
= —————— Eqg2.10
v (1 - yobsll(r)) a
Where A(r) is a function of the Knudson number:
A = 0.75 + 0.283K,, Eq2.11
K,(1+K,)
And the Knudson number is defined as:
K, = 3Ds Eq2.12
wHozrs

Where rs is the geometric mean of the radius of the aerosols and Dy is the gas phase

diffusion coefficient.
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However, diffusion limitations are not significant for the size of the aerosols used in
these experiments. For copper-doped aerosol uptake, y,,s would likely be large

enough for diffusion limitations to have an effect, as seen in George et al., 2013.

A lower limit estimate (limit of detection) was calculated from Eq 2.9 with a fixed
surface area/volume of the flow tube as 0.17 m? m™ and kwai. For an average Kuwan of

0.035 s the lower limit uptake coefficient was 0.002.

2.7.3 Error Analysis

The FAGE software recorded a signal every second. For sliding injector experiments,
at each injector position the signal was averaged over the measurement period (30-60
secs) and so error in this signal (osignal) Was therefore the standard deviation of these
averaged points. Similarly, error in the OH background (ovackground) Was be calculated
from the standard deviation in the background measurements. After subtracting the
background from the signal the error can be found using the following equation
propagated using sum in quadrature:

_ 2 2
Osignal-background = \/ Osignat” + Obackground Eq2.13

To calculate the error in k, the error in the natural log of the background subtracted
signal was first calculated:

asignal—background
signal — background

Oln (signal-background) = Eq2.14

The graph of the natural log of the HO> signal vs the residence time, t, then yielded a

gradient of k. The error in the gradient of this graph was taken as gy, . The Brown

correction was then applied to both kops and kwai which were then subtracted from each
other to account for wall loss, giving &£’ and its error. The Brown correction is complex
as is done using a python program, written from the original FORTRAN code entitled
ROOT. To propagate the error through the correction, a correction factor (A) was
calculated by plotting k' vs ks — kuwqu and taking the gradient. This gradient was

then multiplied by oy, to give o ;s as shown in the following equation:

—kavwall

0w =Aoy,,. Eq2.15

—kavwall

The error in the gradient of the plot of k' versus Sa was taken as the error in Yobs®HOz

The error in the gradient was therefore multiplied by 4 and divided by wy,, to obtain
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the error iny,,s. Lastly the error was corrected for gas diffusion limitations by

Ycorr

Yobs

multiplying o, , by

2.8 Summary

This chapter summarises the FAGE technique and the apparatus used to measure HO>
uptake on aerosol surfaces. In order to measure the uptake of HO>, thereby allowing
an uptake coefficient to be calculated, HO, was generated and injected into an aerosol
flow tube. The injector position was varied to alter the HO2 exposure time thereby
allowing a decay of HO2 onto aerosol surfaces as well as wall loss decay to be
measured using a FAGE cell. Inside the FAGE cell HO2 was converted into OH using
NO to allow sensitive detection by on-resonance fluorescence detection. Changes in
aerosol size were measured using a Scanning Mobility Particle Sizer (SMPS). This
chapter details the experimental procedure as well as the data analysis and error
analysis procedures for the sliding injector experiment. The FAGE detector was
calibrated for both OH and HO- with sensitivity factors of (3.2 + 0.1) x 107 counts s°
I mw-1 molecule™ cm? being measured for OH and (1.8 + 0.1) x 107 counts s* mw-?
molecule cm? being measured for HO,. The detection limits of 6.7 x 10° molecule
cm? and 1.2 x 10° molecule cm were calculated for OH and HO, were calculated

respectively for a 30 s averaging period.
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3 Photo-Fragmentation Laser Induced Fluorescence
Technique for Measuring HONO Production from
Aerosols

This chapter describes the photo-fragmentation laser induced fluorescence (PF-LIF)

instrumentation used for the measurement of HONO production from aerosol surfaces.

3.1 Previous Instrumentation for the measurement of HONO

This section provides a short summary of different well-established instrumentation
used to measure HONO. HONO instruments developed for field measurements can be
separated into three categories: wet chemical methods, mass spectrometry and optical
spectroscopy. The most common methods of HONO measurement, besides laser
induced fluorescence are Differential Optical Absorption Spectroscopy or using a
Long Path Absorption Photometer (detailed description given in Table 3.1).

3.1.1 DOAS

Differential Optical Absorption Spectroscopy measures trace gas concentrations by
recording their differential absorption of UV-Vis light over a long path length of a few
kilometres. A long path length is necessary to allow gases with very low tropospheric

concentrations to be measured (Plane and Nien, 1992).

For Long Path DOAS (LP-DOAS) a laser light source is sent into a multiple reflection
cell containing collimator mirrors to focus the light towards the detector. Using a
multiple reflection cell allows long path absorption measurements to be taken within
a small air volume. Using a long path however causes the beam of light to wander and
broaden. The beam is passed through the cell twice by a rotating triple prism forcing
the exiting light to travel back through the cell in the exact but opposite direction to
its first passage. The exit spot is then much larger than the entrance spot allowing the
separation of the beams using a mirror with a small aperture in the centre. The exit
beam is then reflected towards the detector. An absorption plot can then be generated
by the spectrometer and by comparing with the known output of the lamp it is possible
to determine the concentrations of a range of atmospheric species (Hausmann et al.,
1997).

DOAS has several advantages. Firstly, the instrument has a wider scan range from

300-700 nm meaning there is potential for real time measurements of many
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atmospheric species with one instrument simultaneously. Secondly, DOAS does not
suffer from uncertainties brought about by experimental conditions such as wall losses
or chemical changes linked to relative humidity. The uncertainties in the concentration
of a species come from the accuracy of the cross section of that species, the quality of
the absorption spectrum and the errors associated with the spectral deconvolution
procedure. In addition, unlike with LIF, DOAS is an absolute method meaning that no
calibration is required. Lastly, as atmospheric species are measured over a long path
length, localised sources of emissions are averaged out producing a more
representative image of tropospheric chemistry in the area (Plane and Nien, 1992):
cavity DOAS methods covered in Table 3.1.

3.1.2 LOPAP

A Long Path Absorption Photometer (LOPAP) is an in-situ instrument used to
measure gaseous HONO using wet chemical sampling and photometric detection.
LOPAP was designed to be a cheap, small and sensitive method of continuously
monitoring HONO in ambient conditions. LOPAP works by collecting HONO from a
sample flow in a liquid phase using a glass stripping coil. The stripping solution used
contains sulphanilamide in HCI which forms a diazonium salt with HONO. The air is
then separated from the liquid using a debubbler before the solution is pumped into an
azo dye unit where it meets the n-(1-naphthyl)ethylenediamine-dihydrochloride
solution which forms the final azo dye. This final solution is then pumped into a
detection unit consisting of a long Teflon tube acting as an adsorption cell. Visible
light is then focussed via fibre optics into the tubing. Due to the refractive index of the
Teflon being less than that of the liquid solution, the light undergoes multiple
reflections on the inner walls of the Teflon tubing, remaining inside the liquid for
absorption. The light is then collected by a glass fibre and detected with a mini-
spectrometer. A multi-channel LOPAP system is used to remove as much interference
as possible. The first stripping coil, or channel 1, removes almost all the HONO from
the gas with only a small amount of any interfering species while the second coil,
channel 2, removes the same amount of interfering species with little HONO. By
subtracting channel 2 from channel 1 it is possible to more accurately measure the true
HONO concentration. These channels must be calibrated using a liquid nitrate
standard (Heland et al., 2001).
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An inter-comparison between LOPAP and DOAS was done in 2001. DOAS is an
established technique with low cross interference from other atmospheric species and
has been used for an inter-comparison with LOPAP in Heland et al., 2001. Excellent
agreement was shown between DOAS and LOPAP for smog chamber experiments.
LOPAP however, did measure systematically higher than DOAS though still within
error of each other (Heland et al., 2001). During a later campaign using the EUPHORE
smog chamber weighted regression analysis of LOPAP against DOAS data gave an
agreement of 0.9987 (Kleffmann et al., 2006). A detailed table of the different

instrumentation for measuring HONO is shown in Table 3.1.

78



Technique

Short description

Advantages

Disadvantages Detection limit

References

DOAS

Differential optical
absorption spectroscopy

LOPAP

Long path absorption

spectroscopy

LIF

Laser induced

fluorescence
BBCEAS

Broadband cavity
enhanced absorption

spectroscopy

CIMS

Chemical ionisation

mass spectrometry

lon chromatography

Records differential absorption of UV light over a
path length of several kilometres

HONO sampled from gas flow using a stripping coil
to then be mixed to form an azo dye. HONO is then

detected using an long path adsorption spectrometer

HONO is fragmented into OH and NO. The OH
fragment is then excited, and the resulting
fluorescence is detected.

Measures adsorption along an optical cavity using an
UV LED light source

lon flow tube coupled to a quadrupole mass
spectrometer. lon reacts with sample gas to produce
anions which are mass filtered and detected. Veres et

al., 2015 used iodine (I') as reagent ions.

HONO is collected then converted to form in which it
can be detected by ion chromatography. E.g. in SC
(stripping coil) IC a coil is used to convert HONO to
NO;", whereas in MC (mist chamber) IC a mist of

ultra-pure water scavenges soluble gases from the air.

Well established technique, no
calibration required, simultaneously
measures multiple species

Easy calibration method, simple and
easy to use, good agreement with
DOAS

Highly sensitive, high time resolution
(real time measurement), low

background signal

Highly sensitive and interference
free. Maintains a high level of spatial
resolution. Low power consumption

and compact design

High sensitivity and time resolution

High sensitivity

~ 10 ppt per 3 min
(Pinto et al., 2014)

Poor spatial resolution, poor performance
when visibility is low, detection limits are
too high for certain species such as NO, to

be measured in clean air environments

Calibration required, overestimation of 1 ppt per 5 min
HONO, interferences present need to be

corrected for using 2 channel set up

Calibration required, interference from 15 ppt per min

laser generated OH

Mirror reflectivity requires calibration. 90 ppt per 30 secs
May be perturbed by changes in
environmental or experimental conditions
i.e. vibrations or variations in pressure
High background counts from impuritiesin 30 ppt (Veresetal.,

2015), 10-20 ppt per
1s (Pintoetal.,
2014)

flow

8 ppt per 15 min
(Cheng et al., 2013),
< 5 ppt per 5 min
(MC-IC, Pinto et al.,
2014)

Long integration time and sample
interferences (pernitric acid identified as an

interferent)

Plane and Nien,
1992,

Heland et al., 2001

Liao et al., 2007,

Bottorff et al., 2021

Duan et al., 2018

Veres et al., 2015

Dibb et al.,
2004;Cheng et al.,
2013;Pinto et al.,
2014

Table 3.1. Summary of different HONO measurement instrumentation.
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3.2 Overview of Experimental Set-up

The production of HONO from aerosol surfaces was studied using an aerosol flow
tube system, coupled to a PF-LIF cell which allowed the highly sensitive detection of
the OH radical formed through photo-fragmentation of HONO into OH and NO
followed by Laser-Induced Fluorescence (LIF) detection. A schematic of the

experimental set up is shown in Figure 3.1.
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Figure 3.1. Schematic of the Leeds aerosol flow tube system coupled to a photo-fragmentation laser-
induced fluorescence detector for HONO. CPC: condensation particle counter; DMA: differential
mobility analyser; HEPA: high efficiency particle air filter; FAGE: fluorescence assay by gas
expansion; MCP: microchannel plate photomultiplier; MFC: mass flow controller; RH/T: relative
humidity/ temperature probe; SMPS: scanning mobility particle sizer.
Almost all aerosol experiments were conducted at room temperature (295 + 3 K) using
nitrogen as a carrier gas. Several experiments were done in air to test the effect of
oxygen on the production of HONO. The results for air were well within the error
limits of those done in nitrogen (less than 7 %). Aerosols were generated from an
aerosol solution using an atomiser. Whenever departmental nitrogen was used as the
carrier gas for the experiment, the flow was passed through a gas purification system
(TSI 3074 B), described fully in Section 2.1.

A humidified flow of aerosols in nitrogen ~ 6 Ipm (leading to a total residence time of

~103 s), was introduced through an inlet at the start of the aerosol flow tube (Quartz,
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1000 mm in length, 57.5 mm ID). The flow tube was covered by a black box to filter
out background room light. A 15 W UV lamp (XX-15LW Bench Lamp, Apeak=365 nm,
50 mm length) was placed on the outside of the flow tube to promote the photo-
production of HONO from aerosol surfaces (illumination period was half that of the
residence time). The PF-LIF cell sampled from the end of the flow tube via a
protruding turret containing an offset pinhole (1 mm in diameter), further details in
Section 3.4.3, at a rate of 5 Ipm. Exhaust ports were fitted at the end of the flow tube
to remove excess flow not drawn in by the PF-LIF cell. The detection cell was kept at
low pressure, ~ 1.5 Torr, in order to elongate the OH fluorescence lifetime; this was
achieved using a rotary pump (Edwards, ELIM80) and a roots blower (Edwards,
EH1200) in combination. The aerosols leaving the flow-tube via the exhaust ports
were characterised using a Scanning Mobility Particle Sizer (SMPS). As with the
FAGE detection cell described in Section 2.5.2, all gas flows were controlled using
mass flow controllers (MKS and Brooks). The relative humidity (RH) and temperature
of the gas flow leaving the flow tube was measured using a RH/T probe robe
(Rotronics HC2-S, accuracy £1 % RH) calibrated using a chilled mirror hygrometer

(General Eastern Optica).
3.3 Aerosol Generation and Characterisation

3.3.1 Generating Aerosols and Neutralising Charge

Polydisperse aerosols were generated from an aerosol solution using an atomiser (TSI
model 3076). A high velocity jet was created by pushing nitrogen or air at high
pressure (~2-3 atm) through a small pinhole, 0.034 cm in diameter. This jet was then
passed over the aqueous aerosol solution which was drawn up from a feed bottle below
the atomiser. Titanium dioxide solutions were made by dissolving 5 g of the titanium
dioxide (Aldrich Chemistry 718467, 99.5% Degussa, 80 % anatase:20 % rutile) into
500 ml of milli-Q water. Smaller aerosols were picked up by the gas flow and travelled
up to the top of the atomiser while larger aerosols condensed and fell back into the
feed bottle. The resulting aerosol flow was passed through a silica drying tube to
remove any excess moisture that had potentially accumulated inside the atomiser,
forming a dry aerosol flow meaning the relative humidity can be more easily
controlled later in the system (Matthews, 2014). A cross section of the mounted

atomiser system is shown in Figure 3.2.
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Figure 3.2 Cross section of the mounted TSI 3076 atomiser. Image taken from TSI, 2005.

The aerosols leaving the atomiser were highly charged leading to an increased wall
loss as the experiment progresses. The Differential Mobility Analyser (TSI 3080,
further described in Section 3.3.4) included within the aerosol measurement system
also found it difficult to characterise highly charged aerosols. This is because
differential mobility analysis relies on knowledge of the probability distribution of
charge states as a function of the particle size. The particle charge state was not known
at this point however, so a neutraliser was used to apply a known charge distribution
by exposing the aerosol flow to an electrically neutral ion cloud. Within a neutraliser
the ion cloud is produced through exposure of the gas to ionizing radiation from a
radioactive source. Over a long enough exposure time a steady state charge
distribution will be asymptotically approached (Flagan, 2008).
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3.3.2 Controlling Relative Humidity (RH)

After the neutraliser, the aerosol flow was then mixed with a humidified gas flow to
control the relative humidity (RH) of the system. The RH of the humidified flow was
altered by changing the ratio of the dry nitrogen flow and the nitrogen flow passed
through a water bubbler using 2 mass flow controllers (MKS 1179). A conditioning
tube was then used to allow water adsorption or adsorption onto aerosols to equilibrate
for the preferred RH. For this aerosol flow tube system, a range of ~10-70% RH can
be reliably generated depending on the aerosol composition (however, it was found
that the TiO. aerosols coagulated and blocked the lines above 35 % RH for example
making this the maximum RH for TiO; aerosols with the current setup). The RH for
the system was then measured using the RH/T probe in the exhaust of the aerosol flow
tube.

3.3.3 Controlling Aerosol Concentration

Controlling the percentage of the aerosol flow which passes through a High Efficiency
Particulate Air (HEPA) filter allowed for better control of the aerosol concentration.
A HEPA filter is composed of a mat of fibre-glass fibres arranged in random
orientation which filter out the aerosol through impaction, interception or diffusion of

the aerosols onto the fibres. This is depicted in Figure 3.3.

.
® 00

Impaction Interception Diftusion

Figure 3.3. Schematic of aerosol removal processes present within a HEPA filter. Black circles

represent glass fibres and the beige circles represent aerosol particles.

A portion of the aerosol flow was passed through the HEPA filter fitted with a bypass
loop and a bellows valve allowing control of the aerosol number concentration and

ensuring the flow rate could be kept constant overall.
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3.3.4 Characterisation of Aerosols Using a Scanning Mobility Particle Sizer
(SMPS)

A Scanning Mobility Particle Sizer (SMPS) was used to measure the size distribution
of the aerosols either before entering, or after leaving the aerosol flow tube (no
difference in size distribution was seen between these two setups). The aerosols
generated by the atomiser were poly-disperse, empirically observed as a lognormal
distribution of aerosol sizes. A vertical cross-section of the SMPS instrument used is

shown in Figure 3.4.
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Figure 3.4. Vertical cross-section of SMPS instrument. Image taken from TSI, 2008a

The SMPS instrument contains a neutraliser, in addition to the one described earlier
in section 3.3.1, a DMA (TSI 3081) and a Condensation Particle Counter (CPC, TSI
3775). The DMA is made of two metal cylinders; the inner of which has a negative
charge and the outer of which is grounded. There is also a central rod meaning that a
voltage difference can be applied between the inner cylinder and the central electrode.
A DMA classifies particles according to their electrical mobility. The aerosol flow
entered at the top of the DMA, as did a sheath flow which was usually set to a tenth
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of the aerosol flow rate. The particles then move down the DMA and are drawn
towards the central rod at a velocity related to their electrical mobility. The small flow
which exits at the base of the DMA contains the particles that have electrical
mobility’s within a small chosen range. The electrical mobility of the particles is
effected by the electrical field, the size and shape of the DMA and the sheath flow
rate. The size range of the DMA is determined by the voltage range that can be applied
(Flagan, 2008).

Aerosols leaving the DMA and entering the CPC are mono-disperse. Within the CPC,
the aerosols were grown using a vapour, typically n-butanol, under conditions which
produced supersaturation of the vapour. Standard optical particle counters are not able
to measure particles much smaller than 50 nm by light scattering (Kulkarni et al.,
2011). To count smaller particles it is necessary to grow the aerosols to a size at which
they can be counted optically by the CPC (Flagan, 2008). After growth a CPC can

conventionally detect particles down to ~ 1 nm (Kulkarni et al., 2011).

The SMPS used in the aerosol flow tube setup described in this work, could measure
aerosols with diameters between 14.6-661.2 nm (for a sheath flow ~3 Ipm, 10-20 %
error depending on particle counting method) with a full scan taking 2 minutes and
15 seconds. To vary the aerosol sizes measured the sheath flow and the voltage of the
SMPS could be changed to vary the electrical field in the DMA thereby varying the
mobilities of the particles. Any surface area not measured due to the diameter upper
limit was corrected for during analysis by assuming a log normal distribution, which
was verified using an aerosol particle counter with a higher diameter range (Matthews
et al., 2014b). However above 90 % of the aerosol surface area used in these
experiments however were within the diameter range. Aerosols bigger than ~662 nm
were removed by an impactor placed inline before the DMA. An impactor removes
particles above a certain size by inertial impaction where upon the aerosol flow is
accelerated through a nozzle and directed onto a flat plate which will deflect the flow
by 90 °. Larger aerosol particles have a greater inertial impact onto the plate whereas
the smaller particles will be able to make the sharp turn to avoid collision with the
impactor plate. This successfully removes larger particles from the aerosol flow
(Matthews, 2014). This is illustrated in Figure 3.5.
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Figure 3.5. Cross-sectional schematic of an inertial impactor. Image recreated from reference TSI,
2008a.

The detection limit of the CPC is 1 x 10" #/cm® (number of particles per cubic
centimetre). However, for particle numbers bigger than 5 x 10* #/cm? extended single
particle counting smoothly transitions into photometric mode counting to allow the
CPC to have a higher detection limit. At lower concentrations, the optical detector
counts the individual pulses created as each butanol grown particle passes over the
detector. At higher concentrations, particles are counted based on total light scattering.
This method is less accurate however with single particle counting being accurate to
10% and photometric mode being accurate to 20%. The SMPS can be calibrated using

latex beads of known sizes, as discussed below (TSI, 2007).

3.3.5 SMPS Calibration

To check the accuracy of the SMPS, more specifically the DMA, solutions of
carboxylate polystyrene latex beads of known diameters (100, 300, 400 and 500 nm)
were made up into a solution and atomised allowing the SMPS to measure the size
distribution of the beads. The mode diameters given in the size distribution from the
SMPS can then be compared to the accurate sizes given by the manufacturer. This
allowed a judgement to be made on the accuracy of the DMA. Unfortunately, no easy
method to calibrate the particle number, i.e. the y axis, of the SMPS has been
determined. An average particle number distribution determined experimentally using
the Leeds SMPS showing the size distributions for the different latex bead sizes in

shown in Figure 3.6.
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Figure 3.6. Average particle number size distributions for latex calibration beads of known diameters
100 nm (black), 300 nm (red), 400 nm (blue) and 600 nm (green).

3.4 Description of the HONO Instrument

3.4.1 Fragmentation of HONO

As HONO is not directly detectable by LIF, it is necessary to fragment the HONO
molecule into OH and NO. The OH fragment can then be detected using LIF at 308
nm. A strong absorption peak is seen in the HONO absorption cross section at ~ 355
nm (Brust et al., 2000), shown in Figure 3.7. The fragmentation process occurs due to
the excitation of an electron in a non-bonding orbital on the terminal oxygen to the
lowest energy IT* orbital in the N=O double bond. This electron transfer leads to
excitation of the A state (first excited electronic state), lengthening the N=0 bond. The
vibration along this extended bond causes a recoil along the O-N bond leading to the
breaking of this bond to form NO and OH in the ground electronic state (Shan et al.,
1989). The different vibrational modes of HONO are detailed in Table 3.2.
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Figure 3.7. UV absorption spectrum of HONO at 0.5 nm optical resolution. Image taken Brust et al.,
2000.

Vibration Description
vy O-H stretch
v, N=0O stretch
V3 HO-N bend
Vy O-N stretch — recoil coordinate
Vs O=N-O bend
Vg O-H torsion

Table 3.2. Vibrational modes of HONO (Shan et al., 1989).

The HONO produced, either from aerosol surfaces or as a background in the system,
was photo-fragmented to produce OH and NO using a 355 nm laser due to the
corresponding strong absorption peak (Figure 3.7). Owing to the addition of NO> as
an experimental reagent, it was easier to detect the OH fragment compared to the NO
fragment, the concentration of which was increased within the system by NO:>
photolysis. Cylinder NO. also contains trace concentrations of NO. The amount of
NO: added during an aerosol experiment significantly exceeded (by a factor of 100 or
more) the concentration of HONO produced and therefore any NO produced from the
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photolysis of NO2 or due to NO impurities would overshadow the NO fragment
created from the photolysis of HONO. Due to the much lower OH interference and
the large cross-section for OH at 308 nm, detection of the OH fragment by LIF was
therefore much more sensitive leading to a lower detection limit. Though the NO
fragment can be measured by LIF at 226 nm, this wavelength is less easy to generate.
NO can also be measured using the chemi-luminescence technique through the
addition of Oz (Villena et al., 2012).

The Nd:YAG pulsed photolysis laser (Spectron Laser Systems) used to fragment
HONO in the PF-LIF system is shown in Figure 3.8. The laser was operated at a
10 Hz repetition rate, generating 1064 nm light from a flash lamp pumped Nd:YAG
crystal. The 1064 nm light was then frequency doubled to 532 nm before the 1064 and
532 nm light were mixed to generate 355 nm light by third-harmonic generation. Using
separation optics, the 355 nm light was separated from any remaining 532 and 1064
nm light using dichroic beam splitters before being fed into the detection cell. The

power of the 355 nm laser was maintained around 200 mW (energy per pulse=20 mJ).

A
355 nm

Cables to power supply
and cooling unit

Doubling Crystals
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Beam Separation
Stop Optics

Figure 3.8. Schematic of the Spectron Laser Systems Nd:YAG 1064 nm laser and optics used for
the generation and delivery of 355 nm light to the OH detection cell.

3.4.2 Detection of OH

Detection of the OH fragment involves the FAGE technique followed by LIF
detection. In short, Fluorescence Assay by Gas Expansion (FAGE) involves
expanding of the gas flow through a small pinhole into a detection cell where the OH
radical can be measured using on-resonance detection by Laser Induced Fluorescence
via the excitation of the AL* (v' = 0) « X 2ITi (v" = 0) Q1(2) transition at ~308 nm
Heard, 2006a. The FAGE technique is explained fully in Section 2.5.1.

The 308 nm radiation required was produced by a Nd:YAG pumped dye laser (JDSU
Q201-HD, Q-series, Sirah Cobra Stretch) at a pulse repetition rate of 5000 Hz. A

89



schematic of this laser can be found in Section 2.5.2. A maximum of 95 % of the UV
light was delivered by fibre launcher (Oz Optics), an optical fibre cable (Oz Optics)
and a fibre collimator (Oz Optics) to the PF-LIF cell via a sidearm fitted with optical
baffles to reduce any laser scatter. The fibre was typically set to deliver 2-8 mW of
power to the centre of the LIF detection cell. Changing of the power of the green YAG
laser allowed control of the beam power entering the fibre launcher. Any more than
30 mW of power into the fibre head would cause burning and long term damage to the
fibre.

3.4.3 Detection Cell

Figure 3.9 shows a cross-sectional schematic of the PF-LIF instrument. The detection
cell is made from multiple black anodised aluminium cylinders, 50 mm in internal
diameter. At the front of the cell, an off-centre pinhole on a turret was used to sample
air from the flow tube into the cell. Inside the turret a mirror was placed with the aim
of decreasing 355 nm laser scattered light. The mirror prevents the photolysis laser
from hitting the bare metal of the turret and scattering randomly. The 355 nm laser
hits the mirror instead, generating plasma from which OH is generated. Any OH
plasma formed was therefore directly in the path of the gas expansion through the cell
and was detected by the MCP detector. To reduce this interference, the pinhole was
manufactured off centre to keep the OH plasma formed away from the gas expansion
through the cell. The distance between the pinhole and the central axis of the cell,
directly below the detector, was as small as possible to reduce wall loss of HONO and
OH. The pressure of the cell was kept low, ~ 1.5 Torr using a rotary pump (Edwards,
E1M80) and a roots blower (Edwards, EH1200) in combination due to the rotary pump
alone only dropping the pressure to ~ 9 Torr. A pressure gauge (Tylan General, CDC
11) was mounted after the detector was used to monitor the pressure of the cell.
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Figure 3.9. Schematic of the detection cell and the aerosol flow tube. The gas expansion through the
pinhole into the central axis of the cell is shown. The photolysis laser (blue) and the probe laser (light
blue) are fired perpendicular to each other but also perpendicular to the collection optics and detector.
Image adapted from Boustead, 2019.
The 308 nm light from the Nd:YAG pulsed dye laser was delivered through a fibre
(Oz Optics) connected to the arm of the cell via a collimating unit. The 308 nm light
then travelled through the baffled arm into the central axis of the cell and out via the
opposite arm and through an anti-reflective 308 nm coated window before being
measured by a photodiode (New Focus 2032) at the exit of the arm. The photodiode
measured the relative laser power to allow for normalisation of any signal to
fluctuations in laser power. Both arms of the cell were baffled to reduce scattered light
by blocking any diffuse light that was not travelling directly down the central axis of
the arms. Perpendicular to the path of the 308 nm laser through the cell, the 355 nm
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photolysis laser beam entered the detection cell through a quartz window at the end of
the cell opposite the turret. The light then travelled down the cell in the opposite
direction to the gas flow, before striking the 355 nm coated mirror in the turret. This
mirror then directed the 355 beam back down the cell, increasing the percentage of
HONO photolysed within the cell as well as reducing the laser scatter from reflection

off the metal turret, as mentioned above.

A Multi-Channel Plate detector (Photek, MCP 325) was placed on top of the cell to
measure the fluorescence perpendicular to the path of both lasers. The top of the cell
was separated from the collection optics by a window coated to aid the transmission
of 308 nm light. The fluorescence which passed through this window was then focused
through optics and passed through a 308 nm interference filter (Barr Associates,
308 nm, FWHM=8 nm, ~ 50 % transmission) to remove light at any other wavelength.
This also served to remove any background room light or scatter from the 355 nm
laser from entering the detector. A back reflector mirror was installed beneath the cell
to catch and reflect any downwards moving fluorescence back up towards the
collection optics and the detector, thereby increasing sensitivity by ~40 %. The MCP
detector was gated (Photek gating box, GM10-50BL) to avoid it “seeing” the laser
pulse and oversaturating, as well as to minimise the collection of laser scatter, shown
in detail in Figure 3.10 and explained fully in the next section. As with the HO. uptake
FAGE instrument, a reference cell is necessary to ensure the 308 nm laser is tuned to

the peak of the OH transition: this is described fully in Section 2.5.3.

3.4.4 Data Acquisition

Timing for the HONO instrument was controlled by a delay generator (BNC 555)
which acted as the master clock for the entire system. This generator was run with an
internal trigger at 5000 Hz. This was used to trigger the 308 nm laser and the gating
for the detectors and the photo-counting card. However, the 355 nm laser, both the
trigger and the Q-switch, and the initiation of the photon counting card were triggered
off a 10 Hz signal so the trigger from the master clock was pulse divided by 500. Using
one master clock ensured that timing for both lasers remain consistent with respect to

each other and that the trigger of each laser was identical for every run.

Due to the PF-LIF technique for detection of OH being an “on-resonance” technique,

meaning that both excitation and detection of OH occur at 308 nm, gating was required
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to stop the detector measuring a signal from the laser pulse: photons from the laser
pulse are scattered by the walls of the chamber or via Rayleigh scattering and will be
collected by the fluorescence collection optics and directed through the 308 nm filter
onto the MCP. The number of photons from this scattering process directly after the
laser pulse gives a much higher signal than the OH fluorescence signal. For the large
gain necessary to see individual photons, a large signal from laser scattered light may
cause over saturation of the MCP. The gating unit was therefore used to separate the
laser pulse from the fluorescence signal. The MCP was gated off, into a low gain state,
during the 308 nm laser pulse to avoid oversaturation and on during the fluorescence
decay signal. The width of the low gain state was varied to remove the maximum
residual laser scatter before the gating returns to the high gain state and MCP began
detecting signal once more. The optimum width can be determined by finding the ratio
of lowest scatter to highest fluorescence detected. When the MCP in high gain state
detected a photon it generated an electronic pulse which was then passed through a
pre-amplifier (Photek, PA200-10P) which provided a factor of 10 amplification to the
signal voltage height before the signal reached the photon counting card allowing the

signal to be easily distinguished above the background noise.

The data collection for the HONO instrument was complex due to the data acquisition
cycle including two lasers running at different pulse repetition rates, one at 5000 Hz
and one at 10 Hz, shown fully in Figure 3.10. To begin the cycle, a pulse generator
(Quantum composers, 9520 series) sent out a to trigger which started the delay for the
308 nm laser trigger, i.e. switched on the flash lamp and started the g-switch delay,
and sent a signal to a delay generator (Berkley Nucleonics Corporation, model 555)
which controlled both the triggers for the gating on the 5000 Hz system and the 355
nm laser on the 10 Hz system. The delay generator then triggered the photon counting
card (Becker and Hickl, PMS-400a) and the MCP. An initial OH signal was then
measured for ~0.01 seconds. This provided a background measurement of the OH
present in the system before HONO was photo fragmented. Unlike the data collection
for an OH instrument, which used two distinct bins after the probe laser pulse (gates
A and B, fully described in Section 2.5.4), the HONO instrument software collected a
continuous sequence of 2 ps wide bins which reduced the interference from any
background noise had on the overall signal. The photon counting card was on and

counting for the entire cycle with the exception of a short period just before the MCP
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was gated off to avoid the counting of a large electrical ringing noise caused by the
MCP quickly switching from a high to low gain state. Immediately after the MCP fell
to the low gain state the photo counting card then switched on and continued counting
for the rest of the cycle. At to + 0.01 s the delay generator triggered the lamp and the
g-switch for the 355 nm laser. The position of this laser pulse was set so that it fired
800 ns before the 308 nm probe pulse. The MCP gate then triggered off the 5000 Hz
system and switched to a low gain state just before the 308 nm laser fired to avoid
oversaturation of the detector. It was advantageous to measure the fluorescence signal
from OH generated from HONO photolysis as immediately after the 355 nm pulse as
possible to ensure the OH signal measured was what was generated close to the probe
region and has not been spatially diluted. OH signal was then measured to the end of
the cycle. A schematic of the data acquisition cycle is shown in Figure 3.10.
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Figure 3.10. Schematic showing the data acquisition cycle for the PF-LIF instrument measuring
HONO after fragmentation to OH. PCC: photon counting card, MCP: multi-channel plate. Shaded
regions show when MCP and PCC are both on and data is being collected. The photolysis laser pulse
is shown in blue and OH signal following the probe laser firing is shown in purple (OH fluorescence
signal) and red (laser scatter signal).
The time period between the initial t, trigger of the photon counting card and the end
of the OH measurement time was known as a sweep. Multiple sweeps were collected
per run, often 500, with the signal in each bin being added to the corresponding bin in

the previous sweep leading to an increase in the observed signal meaning the measured
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OH signal could be distinguished above the background noise. This also increased the

measurement time for each run and therefore reduced the time resolution.

3.4.5 Measuring a Background Signal

Online and offline measurements were taken throughout the experiment. Offline
measurements allowed the background signal generated from noise, scattered laser
light and detector dark counts to be recorded. There were two main types of
background measurement it was possible to take with this set-up. An OH background
can be seen shaded in orange in Figure 3.11, taken before the photolysis laser triggers
at ~ 160 ps. The low background signal hereafter referred to as the OH background,
was generated from laser scatter from the 308 nm laser and from any OH present in
the cell, either from the laser 355 nm laser pulse (i.e. plasma remaining from previous

laser fire) or from HONO impurities in the cylinders or in the lines.
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Figure 3.11. Example data acquisition cycle with OH background not subtracted. All counts before
photolysis laser trigger (shaded orange) at ~ 160 us can be treated as a background signal in the cell
from either laser scatter from the 308 nm probe laser, residual OH plasma from the previous 355 nm
laser fire in the previous run or any HONO impurities present in the cell. The dip in the OH
background at ~ 80 us (shaded purple) is an artefact of the photon counting card (PCC) which was
always present and was ignored during analysis. The peak after the photolysis laser fire (shaded blue)
was due to OH formed from fragmentation of HONO, either from production on aerosols, impurities
in the nitrogen or NO- cylinders or from formation on the walls of the cell or in the Teflon tubing.
This signal then dropped off rapidly. Immediately following the peak at ~ 160 us a broad peak due
to OH plasma formed in the cell can be seen (shaded green). This peak changed as a function of RH.

The signal then returned to the OH background level (shaded orange).

After the photolysis laser fires at 160 ps, followed 800 ns later by the probe laser firing,
a peak can be seen corresponding to the OH formed from the fragmentation of HONO
in the cell. This peak will, ideally, be larger with aerosols present in the cell if HONO
is being formed on aerosol surfaces. A HONO background was observed before
aerosols were added to the aerosol flow-tube. Any background HONO was produced
from heterogeneous conversion on the walls of the cell or flow tube or was from
impurities in the nitrogen and NO> flows. Measurements were also taken without NO»

present to ascertain the contribution of impurities in the NO2 cylinder to the overall

96



HONO production seen. This background HONO concentration depended on the
experimental conditions and on how recently the flow tube and PF-LIF cell had been
cleaned to remove any build-up of TiO2 deposits. However, the build-up of TiO, on
the flow tube walls was relatively slow and back-to-back measurements were made in
the presence and absence of aerosols to obtain an accurate background which was then
subtracted from the signal. Additional experiments showed no significant production
of HONO on TiO> aerosol surfaces without the presence of NO. A small broad peak
was visible after the main HONO peak at ~ 160 ps. This was due to plasma formed on
the mirror in the turret which then generates OH. Increasing the relative humidity of
the system increased the plasma peak. This was because OH forms easier from plasma

with higher concentrations of H20 vapour present.

The total concentration of HONO measured, once the offline and OH background
measurements have been subtracted, by the PF-LIF detector is given by:

[HONO] = [HONO]illuminated aerosols + [HONO]illuminated walls + [HONO]dark aerosols Eq 31
+ [HONO]dark walls + [HONO]impurities

Taking background measurements allowed us to ascertain the HONO produced from

illuminated aerosol surfaces, [HONO];;juminated aerosols -
3.5 Calibration

3.5.1 OH Calibration

The FAGE technigue does not provide an absolute measurement and therefore FAGE
instruments must be calibrated in order to directly relate the signal counts to a radical
concentration. The FAGE calibration technique is described fully in Section 2.6.
Though the HONO instrument was used to measure HONO, it was important to first
do an OH calibration to judge the sensitivity of the instrument to OH allowing us to
compare to previous OH calibrations. As the HONO produced during experiments was
fragmented to produce OH using the 355 nm laser, it was important to know the
sensitivity of the instrument to detecting OH.

The OH calibration was performed using a metal calibration wand which generated
OH and HO- (for calibration done in air) in equal concentrations from the photolysis
of H>O vapour by a 185 nm collimated mercury penray lamp. The mercury lamp was

located at the end of the wand opposite to the gas inlet. The UV light generated was
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collimated to allow a constant irradiation zone to be calculated. The OH calibration

setup, including a cross-sectional schematic of the wand is shown in Figure 3.12.

184.9
Hy0 + hv —"H + OH R3.1
H + 0,(+M) - HO,(+M) R3.2
Exhaust

<€—— Exhaust

Calibration Tube

Exhaust

Figure 3.12. Schematic of the OH calibration set-up using the OH calibration wand. Humidified air
at 40 Ipm is flown down the calibration wand past a collimated light source towards the pinhole of
the FAGE cell. Exhaust tube is used to take excess flow to a fumehood.
The flow rate of the gas through the wand was kept high, 40 Ipm, so the flow down
the tube was turbulent (Reynolds number > 2300). This ensured a constant radial
profile down the wand. A laminar flow would result in a parabolic flow leading to the
centre of the flow being faster than the outer edges of the flow due to friction by the
flow tube walls. A turbulent flow therefore stops a concentration gradient of OH

forming and reduces the loss of radicals to the walls.

98



In order to calculate the absolute concentration of OH radicals produced in the

calibration the following equation was used:
[OH] = [HZO]O-HZOd)OHFt Eq 32

where oy,0 is the absorption cross section of HyO at 185 nm
(Oh,0,185 nm= 7.14 x 10 cm? molecule™® (Cantrell et al., 1997;Creasey et al., 1997),
¢dopy 1S the quantum yield for photodissociation of H>O which is 1, F is the lamp flux
and t is the irradiation time. F.t was determined using chemical actinometry of N.O
which relies on the photolysis of N2O to produce NO which can then be measured,
described fully in Section 2.6. Oz actinometry can also be used similarly.

The calibration was performed using 40 L min* of nitrogen, humidified by diverting
the flow through a water bubbler before entering the calibration wand. A smaller flow
of 1 L min™ was diverted to the hygrometer to measure the water content. The tip of
the wand containing the lamp was positioned 45° to the centre of the pinhole to the
FAGE cell so the nitrogen flow leaving the calibration wand was directed towards the
pinhole. To ensure the sampled flow was from the wand and not the gas within the
calibration tube surrounding the pinhole, a large excess was flown down the wand
compared to the sampling rate of the pinhole. This meant, however, that a large
exhaust was necessary to remove the ~ 38 Ipm excess flow. This was especially
important when performing HONO calibrations as NO was added to the flow to
generate HONO from OH. NO is toxic and must be removed by the exhaust into a
ventilated fume-hood. For OH calibrations using the PF-LIF set-up however, NO is
not injected and therefore any HO. formed from H atoms is not measured. Previous

work has shown, however, that HO»:OH formed is 1:1.

The gradient of the plot of observed OH signal (counts s* mW-1) versus calculated
OH concentration (molecule cm) gives the sensitivity of the instrument, an example
plot shown in Figure 3.13. The sensitivity achieved using an MCP detector was

6.36 x 108 counts s mW-! molecule® cm?®.
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Figure 3.13. Dependence of OH signal (counts s* mW-) normalised to laser power on [OH]
(molecule cm3). Error bars represent =16 with the linear least squares fit shown in red. The gradient
(i.e. the calibration factor) is in units of counts s* mW-! molecule* cm?® and the intercept is in units
of counts s mw.

3.5.2 HONO Calibration

As the LIF instrument was used to detect OH from HONO, a HONO calibration was
also necessary. The setup for the HONO calibration followed the same principle as the
OH calibration however a different calibration wand was used. This was due to the
need to use a non-collimated mercury lamp to generate more OH. The collimated lamp
in the previous metal wand did not produce enough OH to react quickly with NO and
produce large concentrations of HONO. A non-collimated light source produces UV
light in all directions meaning that considerably more OH can be formed from the
photolysis of water vapour than with a collimated light. A sodium hydroxide filter
(Ascarite) was placed after the NO cylinder to reduce any background HONO signal
from the NO cylinder by removing any acidic gases from the flow. Dilutions of NO
were made up to introduce 1 — 5 ppm NO to the main gas flow through the wand to

the detection cell.
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The calibration wand used for HONO calibrations was made of glass and comprised
of an inlet pipe for humidified N2 and NO, an outlet pipe for these gases plus HONO
and OH produced and a mercury penray lamp placed adjacent to the outlet. The wand
outlet was connected via a short piece of steel tubing to the pinhole, as shown in Figure

3.14.

<«—— N,, H,0, NO

Exhaust

Hg Lamp

<€<——— Exhaust

Calibration Tube

Exhaust

Figure 3.14. HONO calibration set up using a non-collimated light source. Humidified nitrogen flow
containing NO, 20 Ipm, was flown into a glass wand and past non-collimated mercury lamp to
generate HONO in large concentrations which flows over the pinhole. Exhaust tube used to remove

toxic NO excess flow.
As with the OH calibration described in Section 3.5.1, the HONO calibrations were

performed using a humidified flow of nitrogen. This flow entered the glass wand with
asmaller flow of 1 Lmin diverted to the hygrometer. A slower flow of 20 Lmin* was
chosen so as not to shatter the glass wand due to pressure build up. The Reynolds
number was calculated to be laminar at 1460, however, with the multiple flow
restrictions from the lamp being in the direct path of the flow and the bends in the
wand the flow was forced around it was considered unlikely the flow remained
laminar. From the HONO calibration, the concentration of H>O vapour and the HONO
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counts produced for given lamp currents could be recorded and compared to those
produced by actinometry. Comparison with actinometry values allows the removal of

the F. t variables from the Eq 3.4 making calculating the calibration factor easier.

3.5.3 Os actinometry

Either Oz actinometry, or N2O actinometry (explained in Section 3.6), can be used to
calculate the lamp flux, F, in the calibration wands. Oz actinometry was performed
using the same set up as the HONO calibration to measure the photolysis loss of O to
O3, (Eg. 3.3 and Eq. 3.4), thereby calculating the product of the flux of the calibration
lamp, F, and the illumination time, t. This actinometry method has been used by
several FAGE groups previously (Hofzumahaus et al., 1996;Creasey et al., 1997).
Humidified air was flowed past the mercury lamp where upon equal amounts of OH
and HO were produced following the photolysis of water vapour. At the same time
ozone was formed by photolysis of Oz, (Eq 3.3). The lamp current was varied to

produce different concentrations of Os, the results of which is shown in Figure 3.15.

0, + hv - 20(3P) R2.3
20(3P) + 20, — 204 R2.4
60— 77T T T T T 1
ol ]
ool ]
S 4
- 1 : ; X : : ? .
L o ]
400 ]
1 X : ; ; ; ; _—
O_X«««ﬂ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]
i T T T | T T T T
0 2 4 6 8 10 12 14 16

Lamp Current / mA

Figure 3.15. Example of O3 actinometry showing the linear relationship between [O3] / ppb and lamp
current / mA. Error bars show 1. Value at 2 mA is a slight outlier due to flickering of the lamp at

low current.
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The concentration of O3 produced was given by:

[03] = [02] 00, (184.9 nm)P o5 (184.9 nm) F't Eq3.3

where 0y, (184.9nm) 1S the Oz absorption cross section at 184.9 nm and ¢, (184.9 nm)

is the yield of O(®P) and hence O3 from the photo-dissociation of O. (i.e. 2, (Sander
etal., 2011))

O3 actinometry was chosen in tandem with the HONO calibration due to the
convenience of not needing to know the Figs nm t value, as these terms can be very
difficult to determine.

[05][H, 0]0H20(184.9 nm)®Pon _ [05][H, 0]0H20(184.9 nm)
(02100, (184.9 nm) P04 (184.9 nm) 2[0,]00,(184.9 nm)

[OH] = [HO,] = Eq 3.4

OH and HO- have been shown in previous work to form in equal 1:1 ratio from the
H20 of water in the presence of O». Using the Kintecus kinetic model and IUPAC rate
coefficients, it was shown that with NO in excess in the HONO calibration system all
HO will convert to OH and to HONO within the residence time of the calibration
wand. All HONO formed can then be photolyzed to give OH which is detected. A
factor of 2 is included in Eq 3.4 to take account of half the OH detected being from
HO..

All the terms in Eq 3.4 can be either calculated or measured if they are not known
values. In this way, OH concentration can be calculated and the calibration factors can
be determined. A calibration plot showing the relationship between HONO counts and

[HOL] / molecules cm™ is shown in Figure 3.16.
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Figure 3.16. Example of HONO calibration using O3 actinometry showing the relationship between
the HONO counts and the [HOx] / molecules cm?. Cuhono for this calibration was
(3.63 £ 0.51) x 10°° counts mW- molecule’ cm®. Linear least squares fit shown in red with the
dashed lines showing the 68 % confidence limits. The intercept is in units of counts mW-" and the
gradient of the slopes are in counts mW-* molecule™ cm®. The errors are 1o.
During the calibration an assumption was made that [OH]=[HONQ]. This was because
the reaction of OH with NO is much faster at high concentrations of NO than other
loss reactions of OH, verified using a Kintecus model and IUPAC rate coefficients
which showed OH had completed reacted to HONO within 2 us (Boustead, 2019).

3.5.3.1 Calibration Uncertainty

The total uncertainty in the calibration factor, Cyono, Was calculated as a sum in
quadrature of the uncertainties connected to each term in Eq 3.4. A summary of these
uncertainties is shown in Table 3.3.
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Parameter Typical Value Uncertainty
[O3] 1 x 10" molecule cm™ ~ 1% (sd. of values)
[H20] 1.2 x 10" molecule cm™ ~ 1-10% (sd. of values)
[O2] 1.5 x 10° molecule cm™ ~ 2% (accuracy of quoted
[O2] content of BOC air
cylinders)
OH,0(184.9 nm) 7.14 x 10 cm? molecule  2.8% (Cantrell et al., 1997)
(Cantrell et al., 1997)
00,(184.9 nm) 8.8 x 10"%! cm? molecule™ ~ 16% (Smith, 2007)

(Washida et al., 1971)

Final Uncertainty ~20%

Table 3.3. Uncertainty in calibration parameters.

The uncertainties in the [O3] and [H20] were taken as the standard deviation of the
measured values, usually ~ 1%. The [O-] error was reliant mostly on the accuracy with
which the oxygen content of air cylinders was quoted and so was taken as ~ 2 %. The

value for o, 0(184.9 nm) Was taken from Cantrell et al., 1997 which quoted the error as
2.8 %. The value of 0y, (184.9 nm) taken from Washida et al., 1971 had no associated

error in this study. A large uncertainty with this came from the flow rates controlled
by MFCs. In the thesis of S. C. Shona, a fractional uncertainty of ~ 16 % was given
for the adsorption cross section of oxygen (Smith, 2007) due to this being dependent

on experimental conditions such as lamp temperature and lamp supply current.

The uncertainties in each term are propagated to give an error in the OH concentration

obtained through calibration with Oz actinometry, as shown in Eq 3.5:
aon = [OH] (6[03])2 + (U[”ZO])Z + <%H2°>2 + (0[02])2 + <G”°2>2 Eq 3.5
o [05] [H,0] OH,0 [0,] 0o, a°

3.6 Using NO2 Actinometry to Measure the Photolysis Rate of NO>

The photolysis rate of NO2, JNO., was measured by actinometry of NO> for the
aerosol flow tube setup with one, two and four lamps outside the flow tube turned on.

The flow conditions were kept the same as during an aerosol experiment, i.e.
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approximately 6 Ipm of N2 at approximately 15 % RH. The concentration of NO in
the mixture of NO2 in N2 administered to the flow tube was increased slowly
throughout the actinometry and the loss to NO was measured under illumination. NO>

actinometry is based on the following reaction occurring under illumination:
NO, + hv > NO + 0(3P) R3.3

Using basic first order Kinetics, it can be said that the loss of NO2 within the

illuminated region is given by:

d[NO,]
dt

= jno,[NO;] Eq 3.6

where j(NO2) is the photolysis frequency of NO. for the lamp used in these
experiments. From the measured loss of NO2 in the illuminated region, and with
knowledge of the residence time, t, the photolysis frequency, j(NO2) could be
determined. Integrating Eq 3.6 gives a value for JNO2 based on the concentration of

NO> and NO and the residence time in the flow tube:

dINO,| _ . dt Eq3.7
[NO,] = —Jno, go.
t 1
-fo INO,] d[NOz] = —jno, f dt Eq3.9
fbl —1 Inx, = In2
X = nxy —inxg = nxa Eq3.10
ln[NOZ]t - ln[N02]0 = _jN02 X t Eq 311
ln([NOZ]t)
. [NOz]o Eq3.12
Ino, =

t

where [NO,]; is the mixing ratio in ppb with the lamp on, i.e. including NO:
photolysis, and [NO,], is the mixing ratio in ppb with the lamp off, t is the residence

time within the flow reactor.

A small correction was made for any NO2 coming off the walls of the flow tube and
therefore artificially increasing the NO2 value under illumination. The profiles of NO

and NO; throughout the actinometry are shown in Figure 3.17.
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Figure 3.17. NOy profile with time during NO2 actinometry. The illuminated periods are shaded in
pink, with NO; (red) decreasing during these periods due to photolysis and NO (black) increasing.
As the experiment progressed increasing known concentrations of NO, were added in a stepwise
manner.
An increase in the number of UV lamps (Analytica Jena XX-15IW Bench Lamps, A=
300-400 nm) led to an increase in jNO2. The increase in jNO2 was slightly higher than
directly proportional due to the mirror coating on the inside of the lamp casings
reflecting light back into the flow tube slightly increasing the effective light intensity.
For one lamp, the photolysis frequency, jNO., was determined to be
(6.43 £ 0.30) x 1035, jNO2 is given by:
Az
JINOy) = f o Pafa Eq 3.13
A1
where A1 and A2 represent the range of wavelengths over which the lamp emits, and
o0, 1s the wavelength-dependent absorption-cross section, ¢, is the photo-dissociation

quantum yield of NO> and F is the flux of the lamp at a given wavelength.

From the measured jNO2, and with knowledge of g, for NO, the flux of the lamps
could be determined; for one lamp the flux was determined to be

(1.65 * 0.02) x 10%® photons cm s integrated over the 290 — 400 nm wavelength
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range of the lamp. Using the flux calculated and the known o and ¢, for HONO over
the same wavelength range, j(HONO) was determined to be (1.66 + 0.04) x 103 st
for one lamp. The measured j(NO,) and the calculated flux and j(HONO) values for

the different number of lamps is shown in Table 3.4.

Number of j(NO,) value / st j(HONO) /st Flux / photons cm2 s
Lamps
1 (6.43+0.30) x 10°  (1.66+0.10) x 10°  (1.63 % 0.09) x 101
2 (1.41+0.21) x 102 (3.65+0.59) x 10°  (3.58 + 0.56) x 106
4 (323+0.92) x 10? (8.35+2.49) x 10°  (8.29 % 2.39) x 101

Table 3.4. jNO-, j(HONO) and flux values calculated through NO; actinometry with 1, 2 and 4 bench
lamps used.

The lamp flux increased as a function of lamps increasing to
(8.29 + 2.39) x 10'® photons cm s for 4 lamps. The flux of the lamp, the spectral
intensity of which was measured using a Spectral Radiometer (Ocean Optics
QE®65000) as a function of wavelength is shown in Figure 3.18.
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Figure 3.18 UVA emission spectrum for the 15 W bench lamp used in these experiments between
290-400 nm. The integrated photon flux over this wavelength range is (1.65 + 0.02) x 10%¢ photons
cm2? st determined from the measured j(NO2) of (6.43 + 0.30) x 103 s,
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3.7 Calculating a Limit of Detection

The limit of detection is defined as the lowest concentration that can be reliably
distinguished above the background noise for a given averaging period. For a 50

second averaging period and a SNR of 1, the limit of detection was calculated to be 9

ppt.

SNR SOH, Background 1 1
w01 - (g ) (P )

where Cyono IS the calibration factor (3.63 x 10° counts mW! molecule’* cm®), SNR
is the signal to noise ratio, Spy, packgrouna 1S the OH background signal (60 counts), t
is the averaging time for each data point (0.1 s), LP is the laser power (2 mW), m is

the number of offline points (500) and n is the number of online points (500).

3.8 Summary

In this chapter, the experimental setup for the PF-LIF aerosol flow tube system was
described. This setup was used for measuring the production of HONO from
illuminated aerosol surfaces. An atomiser was used to aerosolise solutions containing
photo-reactive compounds or inorganic salts, the RH of which was controlled using a
humidified gas flow. The flow tube was illuminated using up to 4, 15 W UV bench
lamps half the length of the flow tube with a typical illumination time of 52 seconds
for a residence time of 103 seconds. The aerosols were characterised using an SMPS.
The HONO formed during the experiments was detected by laser induced fluorescence

at 308 nm following fragmentation of HONO to produce OH at 355 nm.

The photolysis rate of NO2 was determined using NO2 chemical actinometry to obtain
J(NO2) and calculating the photon flux from this using our knowledge of the
relationship between j(NO>), ox for NO2 and the spectral intensity of the lamp over the
wavelength range of 290 -400 nm. j(HONO) was then calculated using the flux and
the known o for HONO in the same wavelength range. j(NO.), j(HONO) and lamp
flux were determined for 1 — 4 UV lamps ranging from (6.43 = 0.30) x 102 to
(3.23 £ 0.92) x 1025 for j(NO2), (1.66 + 0.04) x 107 to (8.35 + 0.18) x 1035 for
j(HONO) and (1.65 + 0.02) x 10% to (8.29 + 0.09) x 10 photons cm™ s* for lamp

flux.
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The HONO instrument has been successfully calibrated for both OH and HONO with
calibration factors, Con and Crono determined in N to be (6.34 + 0.96) x 108 counts
cm molecule® s mW? and (3.63 + 0.51) x 10° counts mW- respectively, leading
to a calculated limit of detection of 9 ppt for a 50 s averaging period and a signal-to-
noise (SNR) of 1. The HONO instrument was used to study the production of HONO
from TiO2 and ammonium nitrate aerosols as a function of RH and NO2 concentration.

Further details of this are contained in subsequent chapters.
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4 HONO Production from IHluminated TiO, and
mixed TiOAmmonium Nitrate Aerosol Surfaces

4.1 Results of TiO2 Aerosol experiments

4.1.1 Production of HONO from TiO2 Aerosol Surfaces

The production of HONO on TiO; aerosol surfaces was measured as a function of
initial NO2 concentration. It was shown that for all initial NO2 concentrations, HONO
production increased as a function of aerosol surface area. An example experiment, at

200 ppb NO., is shown in Figure 4.1.
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Figure 4.1. Dependence of HONO production on TiO2 aerosol surface area. [NO2] = 200 ppb, RH =
15 + 1 %, illumination time = 52 s, photon flux = (1.63 + 0.09) x 10 photons cm? s, in N at 295
+ 3 K. Errors £ 1o showing variation in HONO signal. The non-zero intercept was due to HONO
produced from the walls of the system without the presence of an aerosol surface
In order to investigate the trend in HONO production with increasing initial NO>
concentration, a fixed aerosol concentration of 0.016 + 0.0008 m?m was chosen and
all HONO produced at this aerosol surface for each NO concentration was averaged,;
the results of which are shown in Figure 4.2. A rapid increase in HONO production

was seen at low NO> concentration followed by a slower decrease after a peak at
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~ 54 ppb NO.. No plateau in HONO production was seen as a function of NO2
concentration (Stemmler et al., 2007;Dupart et al., 2014). The highest concentration
of HONO measured during all experiments was 4x10*° molecules cm™ (~1.6 ppb)

seen at 54 ppb NO; for an aerosol surface of ~ 0.022 m?m3,
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Figure 4.2. HONO concentration measured at the end of the flow tube as a function of the initial
NO; concentration, for the aerosol surface area density of (1.6 = 0.8) x 102 m?m’3, relative humidity
15 + 1 %, photon flux (1.63 + 0.09) x 106 photons cm2 s (290-400 nm wavelength range), reaction
time of 52 seconds and N carrier gas. Each point is an average of up to 20 measurements at the same
aerosol surface area and NO; concentration. The highest average concentration of HONO measured
for the aerosol surface area density in this plot was 0.90 + 0.12 ppb at [NO;] = 54 £ 5 ppb. The x
error bars represent the sum in quadrature of the errors in the N> and NO- gas flows and the NO-
dilution. The y error bars represent 1c. The SA varied over the experiments at different NO;
concentrations leading to a larger error in the quoted SA.

4.1.2 Relative Humidity Dependence of HONO Production from TiO2 Aerosol
Surfaces

The production of HONO was measured over a range of humidity’s for a fixed aerosol
surface area concentration for multiple NO> concentrations. The results show a peak

at between 25 — 30 % RH. Figure 4.3 shows the HONO concentration measured at a
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range of RH wvalues for a fixed aerosol surface area density of

(1.59 + 0.16 x 102 m?m) and at two NO mixing ratios.
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Figure 4.3. RH dependence of HONO production from illuminated TiO; aerosol surfaces at 298 K
in N2at 71 (black) and 170 (red) ppb initial NO2 concentration. Aerosol surface area density was
kept constant at (1.59 + 0.16) x 102 m®m=. Photon flux = (1.63 * 0.09) x 10 photons cm? s,

illumination time = 52 + 2 secs. The error bars represent 1c.

The fractional surface coverage of water on the TiO. aerosol core, V/V,, ,was

calculated using the parameterisation below, determined using transmission IR

n

spectroscopy (Goodman et al., 2001).
n+1

C(P%) 1_(”+1)(P%) +”(P%) Eq 4.1

Vv
@l o))

where V is the volume of gas, i.e. water vapour in this case, in monolayers of coverage

adsorbed at equilibrium pressure, Vi is the volume of gas necessary to cover the
surface of TiO> particles with a complete monolayer, P is the equilibrium pressure, Po
is the saturation vapour pressure, c is the temperature dependant constant related to
the enthalpies of adsorption of the first and higher layers (taken as 78.4 kJ mol™* for
TiO, (Goodman et al., 2001)) and n is the asymptotic limit of monolayers (8 for TiO>
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(Goodman et al., 2001)) at large values of P/Po. The fractional coverage of water as a

function of RH (%) is shown in Figure 4.4.
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Figure 4.4. Monolayers of water on the surface of TiO, at 298 K as a function of % RH calculated
using parameterisation by Goodman et al., 2001.

Monolayer coverage was achieved for the relative humidity (~15 % RH) used during
TiO2 experiments. Increasing the humidity to 35 % RH, after which the RH
dependence in Figure 4.3 has turned over, lead to an increase from 1 to 1.5 monolayers.
In Syomin and Finlayson-Pitts, 2003, it was shown that HONO can be displaced by
water from a surface due to the preferential adsorption of water, leading to an increase
in HONO measured in the gas phase with RH. Therefore, the increase in [HONO] with
RH to ~30 % could be due to both the increase in available water leading to more
HONO formation and an increase in the displacement of HONO from the aerosol
surface due to water being preferentially adsorbed. The decrease in production at
~ 30 % would therefore be due to an increase in water absorption inhibiting NO>
absorption and/or electron/hole transfer processes at the TiO2/gas interface
(Gustafsson et al., 2006). This could also be exacerbated by the super-hydrophilic
properties of TiO surfaces under UV radiation meaning that water monolayers are
formed quickly on the surface of TiO. due to light-induced surface tension changes
(Takeuchi et al., 2005;Gustafsson et al., 2006). At the higher concentration of NO3,
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less HONO was produced at all RHs. This was expected given the decrease in HONO

produced with increasing NO2 concentration seen experimentally (Figure 4.2).

Gustafsson et al., 2006 also reported a strong dependence of the uptake coefficient of
NO>—HONO on RH, with a peak at ~ 15 % RH, decreasing at larger RH. A similar
trend for the uptake coefficient of NO, onto Arizona Test Dust (ATD) aerosol surfaces
(0.3% TiO) was observed in a later study by Dupart et al., 2014, with a peak in yyo,
at ~25 % RH. This slightly higher trend inversion seen by Dupart et al., 2014 was
ascribed to the lower concentration of TiO2 present in ATD aerosols as compared to
pure TiO2 aerosols used in this work and by Gustafsson et al., 2006 as well as due to
differences in particle size distribution. Gustafsson et al., 2006 reported a larger,
bimodal aerosol size distribution with mode diameters at ~ 80 and ~350 nm for pure
TiO2 aerosols in comparison to the smaller, unimodal aerosol size distribution for
ATD aerosols, with a lower mode diameter at ~110 nm reported by Dupart et al., 2014.
This is similar to the unimodal aerosol size distribution for pure TiO2 seen in this work,
an example size distribution is shown in Figure 4.5, with a mode diameter at ~180 nm,
though the size distribution is wider than that observed by Dupart et al., 2014. Similar
to Dupart et al., 2014 we also observe a higher trend inversion of [HONO] vs RH at
between 25-30 % RH.
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Figure 4.5. Typical aerosol surface area distribution for single component TiO; aerosols (RH = 15

+ 1 %) measured after the flow tube. Total surface area is 0.018 m? m=,

4.1.3 NO:2 Uptake Coefficient Calculations

The reactive uptake coefficient, yyo,—nono for NO2—~HONO on TiO- aerosol particle
surfaces was determined experimentally for 18 initial NO2 mixing ratios. The uptake
coefficient, yno,-nono Was defined as reactive NO loss per collisions with the TiO>
aerosol surface that resulted in the production of HONO and was calculated using the

expression:

4xk
YNo,»HONO = v < SA Eq4.2
where v is the mean thermal velocity of NO2 (m s™), given by v = \/(8RT/(zM)
with R, T and M as the gas constant, the absolute temperature and the molar mass of
NO;, respectively, SA is the aerosol surface area (m?m) and k is the first order rate
coefficient (s) for the reaction of NO,—HONO.

To determine the uptake coefficient, the pseudo-first order rate coefficient, k, for the
transformation of NO> to HONO on TiO: aerosol surfaces was first calculated. It was
assumed that the yield of HONO was 100 % and all other loss processes of NO; are

ignored.
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In the presence of illuminated aerosols, the rate of removal of NO. at the aerosol

surface to generate HONO is given by:

d[NO,]
dt

= k[NO,] Eq 4.3

Integration of Eq 4.3 gives:

[NO,], — [HONO]
n ([)NOZ]O ) Eq 4.4
t

k=—

Where k is the pseudo-first order rate coefficient for the loss of NO; at the aerosol
surface leading to the formation of HONO, [NO,], — [HONO]; is the concentration
of NO> at time t assuming that each NO- is converted to a HONO molecule once taken
up onto the surface, [NO,], is the initial concentration of NO2, and t is the illumination

period.

Therefore with knowledge of the initial NO2 mixing ratio, the HONO concentration
measured and the illumination t, k can be determined from Eq 4.4). Rearrangement of
Eq 4.2 gives the uptake coefficient as a gradient of the plot of k (s) vs SA (m?m3) for
each TiOz experiment at differing NO2 mixing ratios:

YNo,~HONO XV

k .
SA (gradient of k vs SAplot) = 2

Eq4.5

Figure 4.6 shows the variation of k, determined using Eq 4.4 with t= 52 s (illumination
time in the flow tube), as a function of aerosol surface area density, SA, for
[NO,], = 200 ppb, from which the gradient using Eq 4.5) yields
Yno,-Hono = (2.17 £0.09) x 10°.
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Figure 4.6. Pseudo-first-order rate coefficient for HONO production, k (open circles) as a function
of aerosol surface area for [NO,]=200 ppb and RH=15 + 1 %, T = 293 + 3 K and a photolysis time
of 52 + 2 seconds. The red line is a linear-least squared fit including 1o confidence bands (dashed
lines) weighted to both x and vy errors (lo), the gradient of which vyields
Yno,-nono = (2.17 £0.09)x 107, with the uncertainty representing (1c). The total photon flux of
the lamp = (1.63 + 0.09) x 10%® photons cm=2 s2,

The reactive coefficient, yyo,nono, ONto TiO2 aerosol surfaces as a function of initial

NO2 mixing, from 34 to 400 ppb of NOg, is shown in Figure 4.7.
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Figure 4.7. Experimental results for the reactive uptake coefficient of NO; to form HONO on TiO,
aerosol surfaces, Yno,-nono. 3 a function of initial NO, concentration. All experiments

conducted in N at 15 + 1 % RH and 295 K. Photon flux = (1.63 + 0.09) x 10% photons cm? s,
illumination time = 52 + 2 seconds. The uptake coefficient was determined from the gradient of the
pseudo-first order rate coefficient, k, versus aerosol surface area density varied from 0- ~0.04 m?>m-
3, using equation Eq 4.5.
The increase in yyono-no, 8 @ function of NO2 mixing ratio at low (<51 ppb) NO2
has not been seen in previous studies of light-driven HONO production from the
surfaces of TiO2 containing aerosols (Gustafsson et al., 2006;Ndour et al.,
2008;Dupart et al., 2014) or from other aerosol surfaces (Broske et al., 2003;Stemmler
et al., 2007). It is, however, worth noting that several of these studies reported the
uptake of NO2 onto the surface, yy,,, and not specifically the uptake of NO> to form
HONGO, yxono-no,, though in all studies HONO was indirectly measured (Gustafsson
et al., 2006;Ndour et al., 2008;Dupart et al., 2014). For pure TiO2 aerosol surfaces,
Gustafsson et al., 2006 reported a reactive uptake coefficient, yy,, of 9.6 X 10 at
15 % RH and 100 ppbv NO». Though at a similar RH this is ~36 times higher than the
reactive uptake coefficient observed in this work for the same NO; mixing ratio
(YHono-no,= (2.68 £ 0.23) X 107). Gustafsson et al., 2006 reported a HONO vyield

from NO, wuptake of 0.75. Taking this into account, an estimated
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YNo,—HONO= T-2 X 10* was determined, ~ 27 times higher than the value determined

in this work: this was mostly attributed to the lower experimental lamp flux in our
work, calculated to be ~ 19 less at a wavelength maximum of 365 nm due to the use
of only one 15W UV lamp (consisting of two bulbs) in comparison to the four 18W
UV lamps used by Gustafsson et al., 2006. The uptake coefficients calculated from
our experiments showed a rapid increase at low NO; to a peak at ~ 51 ppb before a
rapid decrease with further increase in NO2. A kinetic box model was used to
investigate the origins of this increase at lower NO. with the aim of providing a
possible mechanistic interpretation for this experimental result, described fully in
Section 4.2.1.

4.1.3.1 Surface Area Corrections

Any aerosol surface area not counted by the SMPS, an example of which is shown in
Figure 4.5, due to the upper limit diameter range of the combined SMPS/ CPC
instrument (14.6-661.2 nm range, sheath flow = 3 Ipm, instrumental particle counting
error ~10-20% dependant on counting method) was corrected for during analysis by
assuming a lognormal distribution Matthews et al., 2014a and correcting for the
percentage of surface area not accounted for by SMPS. An average underestimation

in total surface area of 11.2 + 3.15 % was then applied to all data.

4.1.3.2 NO2 and HONO Photolysis Corrections
An initial NO concentration was calculated from the ratio of NO; flow to N> carrier

gas flow multiplied by the dilution of the NO> cylinder (NO2 diluted in N2).

NO, flow (sccm)
Total flow of N, and NO, (sccm)

[NO,])init (pPb) = X dilution factor(ppb) Eq4.6

Through NO; actinometry the percentage of initial NO added that was photolysed to
give NO by the lamps was determined giving the effective NO2 concentration within
the system. The following table shows the average percentage conversion of NO> to
NO with one, two and four lamps illuminating the flowtube. From this a correction
can then be applied to give the effective NO2 concentration experienced by the system.
Alternatively initial NO2 concentration can be quoted with consideration given to the
photolysis of NO». All uptake coefficient and HONO concentration data was quoted

as a function of initial NO, concentration to make the results more comparable with
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previous work (Gustafsson et al., 2006;Stemmler et al., 2007;Ndour et al.,
2008;Dupart et al., 2014).

Number of Lamps Percentage of NO2 converted to NO

(x one standard deviation)

1 48.7+1.6
2 76.6 £5.2
4 96.7 + 3.8

Table 4.1 Percentage of NO, converted through photolysis of UV lamps to NO

Using a UV-Vis absorption instrument the dilution of the NO2 cylinder used in the
experiments was checked. Any degradation of the NO, mixing ratio in the cylinder
was then modified to give corrected NO; initial mixing ratios.

From j(NO3), j(HONO) was calculated as detailed in Section 3.6. From the ratio of
J(HONO) to j(NOy) a scale factor was decided. The HONO photolysis correction was
calculated from the sum of the scale factor and percentage of NO photolysed by 1
lamp at j(NO2) of (6.43 + 0.30) x 103 s,
jJ(HONO)
=T NOy) Eq 4.7

For a j(NO2) of (6.43 + 0.30) x 10° s and a j(HONO) of (1.66 + 0.10) x 10°s?, a
scale factor (SF) of 0.26 was calculated, i.e. the rate of gas phase photolytic removal
of HONO is 26 % that of NO..

HONO photolysis correction = photolytic loss of NO,(%) X SF Eq4.8

For 1 lamp, for which the percentage conversion of NO2 to NO due to photolysis was
48.7 = 1.6 %, the HONO photolysis correction was estimated as 12.56 % (a scale

factor correction of 1.126)

4.1.3.3 Error Propagation for the Uptake Coefficient of NO2 onto TiO2 Aerosol
Surfaces

The uncertainty in k, and therefore the uncertainty in yy,,, was controlled mainly by

the uncertainty in the HONO concentration, the initial NO2 mixing ratio (~10%) and
the photolysis time (~3 %). Keeping the surface area constant leads to ~4 % variation

in HONO counts so an error of ~4-10% was taken for oyono counts- The 054 Was
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estimated to be 15 % due to the accuracy of the SMPS being between 10 and 20 %
depending on the method of particle counting. Below 5 x 10* cm™ the CPC counts
particles by extended single particle counting which has an associated error of 10 %.
Above this however the CPC smoothly transitions into photometric mode counting to
allow the detection limit to increase to 10’ cm™. This mode however has a higher
associated error of 20 % as particles are counted based on total light scattering rather
than the optical detector counting individual pulses generated by each butanol grown

particle. The errors in the MFCs are given as 1 % by Brooks and MKS.

Before plotting a graph of k vs SA to obtain the uptake coefficient a correction was
made for the trend in the lamp off measurements throughout the day as any increase
or decrease in the lamp off background measurement could lead to an artificially
inflated/deflated trend in k and therefore the uptake coefficient with increasing aerosol
surface area. To compensate for this the gradient of the graph of [HONO] vs t
throughout the day for the lamp off measurements was subtracted from the illuminated
measurements. The error in the illuminated HONO counts, following removal of

variation in lamp off measurements, was then calculated using Eq 4.9.

_ 2 2 Eq 4.9
Oilluminated HONO counts — \/Gdark HONO correction” T OHONO counts q

The trend in lamp off throughout the day for an experiment with 200 ppb NO: is shown
in Figure 4.8. Changes in lamp off background throughout the day was thought to be
due to any HONO left from previous experiments coming off the walls.
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Figure 4.8. Time series of HONO / counts throughout an experimental day with HONO
produced with UV lamps on (black circles) i.e. production from illuminated TiO> surfaces,
and with UV lamps off (red circles) i.e. HONO background in the lines/reacting off the
walls of either the cell or the flow-tube. The gradient and intercept of the lamp off HONO
dark trend was removed from the illuminated HONO data values to offset any varying

background.
To convert the HONO counts into concentration, the counts were multiplied by a
calibration factor, Crono, fully described in Section 3.5.2. The a¢,,,,,, Was taken from

the calibration curve and was typically less than 20 %. The error in the HONO
concentration was therefore calculated using Eq 4.10:

Ocorrected HONO counts 2 (GCHONO>2
=[HONO] X |\
otronol = [ ] \](corrected HONO counts) Crono Eq4.10

To calculate the uptake coefficient, the pseudo-first order rate coefficient,k, (s*) was
first calculated for the reaction of NO,—HONO, Eq 4.11. The error in k was calculated

from the sum in quadrature of the errors associated with [NO:], [HONO] and t:

In <[N02]O - [HONO])  —kt

INO,1 Eq 4.11
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O[NO,]o—-[HONO] = \/(J[HONO])Z + (U[NOZ])Z Eq 4.12

_ [NO,], — [HONO] O[N0,]o—[HONO] 2 O[NO,] 2
(et _< [NO.o )X (J (o tionar) * (o) ) Bq4.13

[NOz]o

U([Noz]o—[HONO])
[NO;]o

GIH(W) = <[N02][0N—0[§{0N0]) Eq 4.14
210

As the illumination time was calculated from the flow rate and the calculated flow
tube volume, o; was propagated using the error in the flows of NO2 and N2 and the

error in the calculated volume.

Oflow )2 Oyolume\ 2
=t X [ St —
ot \/(total flow * (volume) Eq4.15
1 y ot
LT Eq 4.16

The error in k can therefore be propagated from O'ln([Noz]O—[HONo]) and o1.
[NO2]o t

f’m([Nozlo—[HONO]) o1
o = k X [NO,]o + t Eq4.17
k [NO,], — [HONO] 1 q4
In -
[NOZ]O t

Oyno, Was then be calculated from the plot of k vs SA by multiplying g, agient of k vs s

by 4 and dividing by w. It is worth noting that the value for yy,, (with typically ~ 20
% error) was for experiments done in nitrogen was well within the error range as the

equivalent NO experiment done in air (usually within 7 %).

4.1.4 Effect of Light Intensity on the Production of HONO from TiO2 Aerosol
Surfaces

The effect of increasing light intensity on the production of HONO from TiOz aerosols
was studied for 2 different jJNO2 values. The NO2 mixing ratio was kept the same for
the two experiments as was the aerosol concentration. The increase in light intensity
however lead to an increase in NO: photolysis and therefore a decrease in NO>

concentration. Ideally this should have been taken into account so that the NO>
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experienced by the aerosols after photolysis was the same and therefore the only
difference between the experiments would have been the lamp intensity. As such, the
decrease in HONO produced with an increase in lamps illuminating the system was
most likely due to the decrease in effective NO2 as a result of increasing NO-
photolysis. The jNO2 value increases from (6.43 + 0.30) x 103 s for 1 lamp to (1.41
+0.21) x 102 s for 2 lamps. The percentage conversion of NO2 to NO via photolysis
however also increased from 48.7 + 1.6 to 76.6 = 5.2. Future work should take into
account the increase in NO2 photolysis and therefore would add a higher initial NO>

concentration.

4.2 Modelling HONO Production from NO. Adsorption on

IHHluminated TiO2 Aerosol Surfaces

4.2.1 Box Model Description and Results

As stated in section 4.1.3, an increase in yyono-no, as a function of NO2 mixing ratio
at low NO; has not been seen in previous studies of light-driven HONO production
from the surfaces of TiO> containing aerosols (Gustafsson et al., 2006;Ndour et al.,
2008;Dupart et al., 2014) or from other aerosol surfaces (Broske et al., 2003;Stemmler
et al., 2007). In order to investigate the production mechanism of HONO on
illuminated TiO- aerosol surfaces, a kinetic scheme within a box model was created
and used together with the differential equation solver Facsimile 4.5.53 (MCPA
software Ltd., 2020). The models produced were semi-explicit, focusing instead on
the stoichiometric amount of NO2 needed in order to produce a single HONO molecule
rather than trying to produce the absolute concentrations observed experimentally.
These models were then compared to the experimental dependence of [HONO] on
NO2 mixing ratios and the reactive uptake coefficient, yyo,-nono, With the hope that
this would then provide a predictive framework for the parameterisation of HONO

production rate as a function of NO- in the atmosphere.

4.2.1.1 Model 1

The first model, hereafter referred to as Model 1, was designed to consider the
adsorption of a single molecule of NO>, as previous literature would suggest, for the
uptake of NO: to give HONO on aerosol surfaces. Light-driven heterogeneous

conversion to HONO on the surface followed by desorption of HONO was also
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included with the desorption process assumed to occur rapidly. Previous literature
(Stemmler et al., 2007;Ndour et al., 2008) has reported a decrease in NO2 uptake
coefficient as a function of NO, mixing ratio, eventually levelling off at high NO>
mixing ratios caused by maximum surface coverage being reached. A decrease in the

uptake coefficient of NO2, yy,,, onto dust aerosol surfaces has also been seen in

studies where the formation of HONO from NO: uptake was not directly studied
(Ndour et al., 2008;Dupart et al., 2014).

The mechanism in Model 1, outlined fully in Table 4.3, described the adsorption of
one NO2 molecule to a surface site which could then undergo reaction to form HONO
followed by desorption of HONO to the gas phase. As a starting point, rate coefficients
were estimated an order of magnitude faster than HONO loss rates to chamber surfaces
reported by Finlayson-Pitts et al., 2003, with desorption taken as rapid so as to not be
the rate limiting step. The primary focus of this model was to produce the relationship

between yyo,-nono and the NO2 mixing ratio, rather than discern a specific chemical

mechanism for the conversion of NO2 to HONO on the aerosol surface. It was thought
that the light-driven production of HONO from NO: could occur via the photo-

enhancement of R 4.1:

2N02(ads) + HZO(adS) 4 HONO(g) + HN03(adS) R4.1

Gustafsson et al., 2006 reported a yield of 75 % of HONO from NO2, however, the
dark disproportionation reaction (R 4.1) would predict a 50% yield of HONO.
Therefore, the HONO observed in their work was not simply a product of the photo-
enhancement of the NO2 hydrolysis reaction to produce HONO and HNOs3 in equal
parts. Gustafsson et al., 2006 suggested that an oxidant on the surface was produced
following the creation of the electron-hole pair giving H-O> as a probable product,
which is consistent with the observation of HOy radicals produced from the surface of
illuminated TiO2 aerosols (Moon et al., 2019). Future work would be to measure the
pH of the aerosols produced to ascertain if H2O. is a by-product. The reactions

included in Model 1 are outlined in Table 4.2.
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Reactions Rate coefficient

Model 1

R4.2 NOy gy + surface = NOyqaqs) 1x10°3
R4.3 NOs(aas) = HONOaas) 1x103
R4.4 HONO 445) - HONO 4 1x102

Table 4.2. Full reaction mechanism included in Model 1 used to model the uptake of NO; to form

HONO on TiO; aerosol surfaces. All rate coefficients are estimated, as described below,

The modelled concentration of HONO and the reactive uptake coefficient,yyo,-nono,

as a function of initial NO2 mixing ratio for Model 1 are shown in Figure 4.9.

’YN02~>HONO

0 100 200 300 400
NO, mixing ratio / ppb

Figure 4.9. Model 1 calculations for (a) the concentration of HONO and (b) the reactive uptake
coefficient to form HONO, yYyg,-nono, s a function of NO2 mixing ratio for a model run time of 52

s. The estimated rate coefficients used in this model are shown in Table 4.3.

Model 1 predicted an increase in [HONO] as a function of NO2 mixing ratio until the
[HONO] started to level off, reaching ~ 0.25 ppb at [NO2] = 400 ppb, owing, most
likely, to saturation of the active surface sites by NO>. The reactive uptake coefficient

was calculated from the modelled [HONO] and showed a monotonic decrease with
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increasing NO2 mixing ratio; a variation in uptake coefficient similar to that seen in
previous light-driven NO2 aerosol uptake studies (Broske et al., 2003;Stemmler et al.,
2007;Ndour et al., 2008;Dupart et al., 2014). Model 1 did not predict the experimental
variations in [HONQOY] or uptake coefficient shown in Figure 4.2 and Figure 4.7, in
which there is a rise and then fall in both [HONQO] and yyo,-nono With increasing
NO2 mixing ratio suggesting a different stoichiometric relationship between NO>
adsorbed and HONO formed. Further models were designed to introduce additional
processes to postulate on this behaviour.

4.2.1.2 Models 2 and 3: The role of NO2 dimerization

To investigate the effect of a 2:1 stoichiometric relationship between the amount of
NO: adsorbed to the surface sites of TiO, and the HONO desorbing from the surface,
two further models were designed: the first describing an Eley-Rideal type mechanism
characterised by the adsorption of a single NO2 molecule to the surface of TiO>
following the adsorption of a second molecule of NO: to the first molecule, leading to
the creation of the NO> dimer species hereafter referred to as Model 2; and the other
describing a Langmuir-Hinshelwood type mechanism of NO. adsorption in which
both NO2 molecules adsorb to the surface before diffusing to one another and colliding
on the surface to form the NO2 dimer, most likely the more stable cis-ONO-NO>
conformer (Finlayson-Pitts et al., 2003;de Jesus Madeiros and Pimentel, 2011;Liu and
Goddard, 2012;Varner et al., 2014), hereafter referred to as Model 3.

Both models assume the formation of the stable cis-ONO-NO- conformer, following
NO- adsorption, via a van der Waals complex followed by isomerisation to form trans-
ONO-NOz: a pathway which has been suggested to have a much lower enthalpic
barrier; ~170 kJ mol™ than direct isomerisation from the symmetric N.O4 dimer (Liu
and Goddard, 2012). NO> dimerization and the ensuing isomerisation to form trans-
ONO-NO; has been proposed under dark conditions to lead to the production of
HONO and HNOs in the presence of water (Finlayson-Pitts et al., 2003;de Jesus
Madeiros and Pimentel, 2011;Liu and Goddard, 2012;Varner et al., 2014). However,
to our knowledge, this pathway has not been experimentally observed under
illuminated conditions. The trans-ONO-NO- dimer has also been suggested to be more
reactive with water than the symmetric N2>Os dimer (Finlayson-Pitts et al.,
2003;Ramazan et al., 2004b;Ramazan et al., 2006;Liu and Goddard, 2012;Dyson et
al., 2021) and has been experimentally observed in several studies (Fateley et al.,
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1959;Givan and Loewenschuss, 1989a, b, 1991;Pinnick et al., 1992;Forney et al.,
1993;Wang and Koel, 1998, 1999;Beckers et al., 2010). This proposed increased
reactivity of the trans-ONO-NO> dimer with water is due to the auto-ionisation to form
(NO™)(NO3") which we propose to be light-driven in some way. The (NO*)(NOs’) ion
pair is then proposed to react with water on the surface which can then lead to the
formation of HONO and HNOs, the feasibility of which is supported by molecular
dynamics simulation studies (Varner et al., 2014). More recently, an ab initio study by
Murdachaew et al., 2013 into NO> adsorption at the air-water interface suggested an
orientational preference of NO- on the surface, with both oxygen atoms facing away
from the interface implying that the asymmetric dimer, ONO-NO; could form directly
on the surface, without N>O4 dimer being formed first. This removes the issue of the
high energy barrier between the symmetric and asymmetric forms needing to be
surmounted to lead to HONO production (Murdachaew et al., 2013). It is also possible
that the energy barrier to isomerisation of N2O4 to ONO-NO2 may be reduced by the
interaction with surface adsorbed water. We therefore make the assumption that the
dimer formation is occurring on the water saturated surface preferentially and rule out
the possibility of the dimer in the gas phase adsorbing onto the surface first then
reacting to form HONO (Varner et al., 2014).

Within Models 2 and 3 we do not specify the exact mechanism by which the electron-
hole pairs in TiOz interact with any surface bound species in the formation of HONO
but instead propose that the interaction of light increases the rate of auto-ionisation of
trans-ONO-NO2 to (NO*)(NOs3"), included in kras and kra s in Models 2 and 3 (Table
4.3 below), which can then go on to react rapidly with water adsorbed to the surface
and lead to HONO production (Varner et al., 2014;Dyson et al., 2021).

Figure 4.10 shows a schematic diagram of the proposed mechanism within Models 2
and 3, and consists of (i) the adsorption of NO> onto a surface site, (ii) the conversion
of NO2 to form HONO via the formation of an NO> dimer intermediate on the surface
via either a Eley-Rideal or Langmuir Hinshelwood- type mechanism, (iii) subsequent
desorption of HONO from the surface, and finally (iv) competitive removal processes
for HONO both on the surface and in the gas phase that are either dependent or
independent on the NO2 mixing ratio. Gas phase photolysis of NO> and HONO and
the gas phase reactions of both HONO and NO2 with OH and O(®P) atoms were also
included (Dyson et al., 2021).
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Figure 4.10. Schematic diagram of proposed light-driven mechanism of HONO formation via the
adsorption of NO and subsequent dimerization on an aerosol surface in the presence of water. Loss
reactions of HONO dependent and independent of NO- are also shown. Both Eley Rideal, Model 2,
and Langmuir Hinshelwood, Model 3, mechanisms are shown with relevant estimated and calculated
rate coefficients used also shown, detailed fully below. Nitrogen shown in black, oxygen shown in
red and hydrogen shown in blue. * denotes intermediate steps of the isomerisation of symmetric
N2O, to trans-ONO-NO- which is then predicted to form HONO. Image taken from Dyson et al.,
2021.
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To our knowledge the enthalpy of adsorption of NO2 onto TiO> surfaces (aerosol or
coated) has not been determined, nor the rate coefficients for the surface reactions
shown in Figure 4.10. Because of this, for each step in the model, a rate coefficient
(s or cm® molecule® s?) was assigned, detailed in Table 4.3, with the aim of
reproducing the experimentally determined NO. dependence of HONO production
and uptake coefficient. Some rate coefficients were chosen based off modelling studies
in the literature, while others were varied to fit the shape of the trend in experimental
variation of [HONO] and yyo,-nono Versus [NO2]. The exceptions to this were the
experimentally determined j(NO2) and the calculated jJ(HONO). Justification for the

chosen values of rate coefficients is given below:
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Reactions Rate coefficient

Model 2 and 3

Model 2 only — Eley-Rideal mechanism
R4.5 NOz(g) + NOZ(ads) d N02 - NOz(adS) 1)(10_2

R4.6 via trans—ONO—NO, 5x103
NO; — NOy(qq5y ————>HON O qq5) + HN O3(qq5)

Model 3 only — Langmuir-Hinshelwood mechanism
R4.7 NOZ(adS) + NOZ(adS) d NOZ(adS) - NOZ(adS) 1)(10-3

R4.8 via trans—ONO—-NO, 5x 10-3
NOZ(ads) - NOZ(ads) . HONO(ads) + HNOS(adS)

Common to both Models 2 and 3

R4.2 NOyg) + surface = NOyqqs) 1x10t
R4.9 HONO qas) = HONOyg, 5x102
R4.10 HNOsqa5) + HONO(gq5) = 2NO(gy + Oyg) + Hy0aqs) 1x10°
R4.11 HONO(gqs) + HONO(g45) = NO(g) + NOy) + HyO(aas) 1x10%3
R4.12 NO,(g)(or species such as NO3) + HONO 445, 5x10°3

d NO(g) + HNOS(adS)

R4.13 NOz(g) + hv —> NO(g) + 0(3P)(g) 6X10_3a
R4.14 HONO(g) + hv > OH(g) + NO(g) 2X1O—3b
R4.15 HONO,4, — wall loss 1x10*
R4.16 HONO gy + OH gy = NOyy) + H,0(4) 4.5x10°1%
M -11c
RA.17 N0y ) +0Hg, = HNOsq) 110
R4.18 0(3P)(g) + NOZ(g) d 02(9) + NO(g) 1X10—11C
M -1l4c
R4.19 O0CP)(g) + Oy(g) = 03 1.5%10
M “12¢
R4.20 0CP)(g) + NOg) = NOyy 1.7>10

Table 4.3. Full reaction mechanism included in models 1-3 used to model the uptake of NO; to form
HONO on TiO; aerosol surfaces. All rate coefficients are estimated with the exception of the NO- and
HONO photolysis rate coefficient.2Measured using chemical actinometry with the knowledge of the
experimentally determined spectral output of the lamp and the cross-sections and quantum yields of
NO, and HONO, see Section 3.6 for more detail. °Calculated using a photon flux of (1.63 + 0.09) x

10% photons cm? s.°Sander et al., 2003. Rate coefficients are in the units of s or cm® molecule s,
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Pimental et al., 2007 estimated the modelled Gibbs free energy barrier for the
isomerisation of N2O4 to form the asymmetric ONO-NO; isomer to be 87 kJ mol™ in
the aqueous phase at 298 K, lower than in the gas phase, with a maximum rate
coefficient of 2 x 102 s at room temp, increasing to 1.2 x 102 st at 373 K,
confirming the Finlayson-Pitts model for the hydrolysis of NO2 on surfaces via trans-
ONO-NO:; (Finlayson-Pitts et al., 2003). From this the modelled rate coefficients for
the isomerisation, auto-ionisation and desorption of HONO for Models 2 and 3, kras
and kra s, Were estimated as 5 x 10 s, increased slightly compared to those estimated
by Pimental et al., 2007 due to the presence of light in this study. For kras-kra.g, initial
values were implemented and were then adjusted to fit the shape of the trend in
experimental variation of [HONO] and yo,-nono Versus [NOz], shown in Figure 4.2
and Figure 4.7. Syomin and Finlayson-Pitts (2003) proposed a rate coefficient for the
decomposition of HONO on Dborosilicate glass chamber walls to be
(1.0£0.2) x 10* st increasing to (3.9 + 1.1) x 10 st with a pre-conditioned chamber
coating of HNOs on the walls. From this, the light-driven loss rate of HONOauas) Vvia
reaction with HNOs3(ags) and self-reaction, respectively Kras.10 and Kra.11, was estimated
as 1 x 1072 s, An assumption was made that the loss of HONO to the walls of the
flow tube during this experiment was less than that of the loss reactions occurring at
the TiO2 aerosol surface leading to a kra1s of 1 x 10 s as seen by Syomin and
Finlayson-Pitts, 2003. Gas phase loss reactions of HONO and NO. with OH
(R4.16-R4.17) and the reactions of O(°P) with NO, NO; and O, (R4.18-R4.20) were
also included in the model, of which experimentally determined values were used
(Sander et al., 2003). However, their inclusion had little effect on the HONO
concentration, as the rates of R4.16-R4.20 were much slower than HONO loss
reactions on the surface (R4.10-R4.12) and the photolysis reactions (R4.14) within the
model. The adsorption of an NO2> molecule to the surface, kra2, was assumed to be
rapid and not the rate determining step in Models 2 and 3. The desorption of HONO
was also assumed to be rapid, faster than the rate of loss of adsorbed HONO but slower
than the adsorption of NOgy;these assumptions were necessary for the model to
reproduce the trend in the experimental results of [HONO] versus [NO-], discussed
fully in Sections 4.1.1 and 4.1.3.

An interesting question posed by this modelling is whether the first NO2> molecule

adsorbed to the surface dimerises via the addition of another gaseous NO2 molecule
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via an Eley-Rideal (ER) type process, or whether a Langmuir-Hinshelwood (LH) type
mechanism is occurring in which both NO2 molecules are first adsorbed to the surface
before diffusing together to form N2Os. It is worth noting that while Langmuir-
Hinshelwood mechanisms are widely assumed to be the mechanism for heterogeneous
catalysis, Emeline et al., 2005 cast doubt on the use and validity of this assumption,
concluding that the Langmuir-Hinshelwood mechanism can account for experimental
observations for some heterogeneous catalysis reactions but not for heterogeneous
photo-catalysis reactions. The outputs for Models 2 and 3 (see Table 4.3 for full details
of the reactions included) for the HONO concentration and yyo,-nono s a function
of NOz are shown in Figure 4.11; the experimental data is also shown. In order to
reproduce the experimental trend of first an increase and then a decrease of both the
HONO concentration and the reactive uptake coefficient with increasing initial NO-
mixing ratio the stoichiometric relationship of 2 NO2 molecules adsorbed to the

surface and used to form one HONO was necessary (Dyson et al., 2021).
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Figure 4.11. Experimental values (open circles with 1o error bars), Model 2 (green line) and Model
3 (pink line) calculations for (a) HONO concentration after 52 s illumination and (b) NO- reactive

uptake coefficient, ¥ yo,-nono. as a function of the initial NO, mixing ratio. The mechanisms used

for these model runs included a 2:1 stoichiometric relationship between the NO- adsorbed on the
TiO; aerosol surface and the HONO produced, as well as additional HONO loss reactions which are
dependent on NO2, see Table 1 for details. Models 2 and use an Eley-Rideal and Langmuir-
Hinshelwood mechanisms, respectively, for the formation of the NO, dimer on the aerosol surface.
Previous work by Stemmler et al., 2007 into the production of HONO from humic acid
aerosols showed [HONOY] plateauing off with increasing NO2 mixing ratio, with the
decreasing uptake coefficient, yyo,-nono, With increasing NO> being attributed to
NO. fully saturating available surface sites. However, the observed decrease of
[HONOY] at the high NO2 mixing ratios shown in this work (Figure 4.2 and Figure 4.7)
suggests that additional surface loss processes of HONO may be present. Due to the
observed [HONO] decreasing as a function NO2 mixing ratio after ~ 54 ppb, the

removal process most likely involves NO; directly:

HONO + NO, - NO + HNO; R4.12

135



or potentially a species made rapidly from NO: on the surface, such as NO>*:

HONO(q45) + NOF g0 = H* +2NO + 0, R4.12a

which may be present if high enough concentrations of HNO3 are present on the
surface (Syomin and Finlayson-Pitts, 2003) or following reaction with h;’z, or a
product of the reaction of 0; (or ezg) with NO2 (R4.12) i.e. NO2" (Dyson et al., 2021).
A study by Bedjanian and El Zein, 2012 observed the formation of NO> (from the
oxidation of HONO) and NO (from the reduction of HONO) from the reaction of
adsorbed HONO on TiOz surfaces in both dark and illuminated conditions proposed
to be via the reaction of gas-phase and adsorbed HONO to generate NO* and NOy". A
later paper from the same group, assumed the presence of additional HONO surface
loss pathways occuring under illumination due to the presence of " and h* (El Zein et
al., 2013).

The reaction of HONO with NO> in the gas phase is too slow to be important for this
system: Transition state theory (TST) studies of the reaction of HONO with NO; in
the gas phase to form HNOs calculated a large activation energy which varied
dependant on the abstraction channel: via O abstraction by HONO (159 kJ mol™?) or
via OH abstraction via NO2 (~133-246 kJ mol™) (Lu et al., 2000). However, these
reactions could be enhanced on the surface, especially in the presence of light. The
NO:2 dependant loss reaction, krs.12 in Table 3, was necessary in the model to reproduce
the rapid decrease in trend in [HONOY] versus NO2 seen experimentally after ~54 ppb
NO.. Without kr4.12 the modelled [HONOY] continued to increase to a plateau, as seen
in Model 1 (see Figure 4.9) where no NO> dependant loss reactions were considered.
In order to see the model results as shown in Figure 4.11 for model 2 and 3, kra.12 also
had to be slower than the desorption of HONO from the surface, krs.9. Another key
condition was that kra.o, the rate of desorption of HONO, had to be larger than kras.10
and kra.11, the adsorbed HONO loss rates, but slower than the initial adsorption rate of
NO2, Kra.2.

Of all the loss reactions of HONO included in Models 2 and 3, the NO2 dependent loss
reaction, R4.12, had the most significant effect on the variation in modelled [HONO].
It is also possible that a secondary product, i.e. HNOs3, could remain adsorbed and
therefore block active sites on the TiO. surface, effectively poisoning the photo-
catalyst and slowing the adsorption of NO2 and formation of HONO. However,
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addition of the NO2 independent loss reactions in the model, kra.10 and kra.11 had little
effect on the variation in [HONO] with increasing NO2 mixing ratio, only having an
effect on the overall [HONO], suggesting NO- is involved in the loss of HONO. It is
likely that this effect is more than just TiO. surface poisoning given the short time
period of the model. HNOs, for example, has been shown to remain adsorbed to
surfaces once formed (Sakamaki et al., 1983;Pitts et al., 1984;Finlayson-Pitts et al.,
2003;Ramazan et al., 2004a) and may also react with adsorbed HONO, further
reducing the product yield of gaseous HONO (Finlayson-Pitts et al., 2003): these NO-
independent loss reactions may therefore become more important at higher NO>

concentrations when surface concentrations of HONO and HNO3 will be higher:

HONO (445 + HNO3(aas) = 2NO(g) + H30(aas) + Oa(g) R 4.21

Particulate nitrate photolysis was not considered in Models 2 or 3, due to the lack of
particulate nitrate as either an input parameter or intermediate within the models. The
gas-to-particle conversion of any HNO3 formed was not considered to be important as
it was assumed that any HNO3 formed would remain adsorbed to the aerosol surface
(Sakamaki et al., 1983;Pitts et al., 1984;Finlayson-Pitts et al., 2003;Ramazan et al.,
2004a).

Several conditions were required for each model to reproduce the trend in observed

HONO and yyo,-nono as a function of NO2 mixing ratio. For Model 2 (Eley-Rideal

type mechanism), in order to reproduce the experimentally observed rapid increase
followed by a rapid decrease in both [HONQO] and yyo,-nono @ a function of
increasing NO2 mixing ratio (Figure 4.2 and Figure 4.7), the modelled rate coefficient
for the adsorption of a gas-phase NO2 molecule to another the surface adsorbed NO-
leading to the initial formation of the symmetric N2O4 dimer, kras, had to be greater
than krae the isomerisation step via trans-ONO-NO; to form HONO and HNOs
(Dyson et al., 2021). In comparison, for Model 3 (Langmuir-Hinshelwood type
mechanism), the modelled rate coefficient for the diffusion of one NO, molecule onto
and across the surface leading to the formation of the dimer with another NO>
molecule, kra.7, had to be smaller than the isomerisation step, kra.s, to more closely
represent the experimental results for the uptake coefficient (Dyson et al., 2021).
Furthermore, in order to reproduce the experimental increase in HONO formation at

>54 ppb NO, the rate coefficient for the NO2 dependent loss reaction, kra.12, had to
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be larger than those for the NO> independent reactions, krs.10 and kras.11, leading to
kreo =5 X 103 51| a factor of 5 larger (justification for Kra.10 and Kra.11 Values given
in Section 4.2.1). In addition to the NO2 independent loss reactions, the modelled
[HONOY] was also sensitive to the active site surface concentration. This is due to the
difference in active site occupation in the two models: Model 3 required an active site
surface concentration 2.5 times that of Model 2 to reproduce the peak in [HONO] at ~
54 ppbv NO; observed in the experimental results owing to one active site being
occupied by two NO2 molecules as opposed to Model 3 where two active sites are
occupied per HONO formed (Dyson et al., 2021). Both models reproduce the general
shape of [HONO] and yyo,-nono With increasing NO2 mixing ratio, providing
evidence that two NO2 molecules are required to form HONO regardless of whether

the mechanism is considered Langmuir Hinshelwood or Eley Rideal.

It is worth noting that the yyo,-mono Values calculated from observed HONO
production on TiO> aerosol surfaces in this work, as detailed in Section 4.1.3, assumes
a 1:1 stoichiometric relationship between NO> adsorbed to the aerosol surface and
HONO formed. If, as proposed by the modelling studies in Section 4.2.1, the
stoichiometric relationship is 2:1, the calculation of k, the pseudo-first order rate
coefficient for the loss of NO> to produce HONO on aerosol surface, shown in Eq. 4.4
should be corrected to take this into account meaning that yyo,-nono Will be a factor
of 2 smaller than the values quoted in this thesis chapter for all NO concentrations. It
was decided that this correction, would not be implemented in this work, in order to
make the yyo,-mono Values more comparable with those measured in previous

literature (Gustafsson et al., 2006; Ndour et al., 2008 Dupart et al., 2014)

4.3 HONO Production from TiO2 and Ammonium Nitrate Aerosol

Mixture

Particulate nitrate photolysis has been suggested as a light-driven source of HONO
under ambient conditions during several field campaigns, with both aircraft and
ground based instruments (Reed et al., 2017;Ye et al., 2017a;Ye et al., 2017b). In this
work, experiments were carried out to investigate if TiO2 could make the nitrate in
ammonium nitrate chemically available for reduction to HONO. This is thought to be
relevant in marine environments where the photolysis of particulate nitrate has been
observed to produce HONO (Reed et al., 2017;Yeetal., 2017a;Yeetal., 2017b). Areas
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such as off the coast of Asia are of particular interest for this process due to the
availability of TiO> dust within the dust plumes which blow off the Gobi desert and
the high concentrations of NO> from the Beijing area (Saliba et al., 2014).

Using the aerosol flow tube setup, described fully in Section 3.2, an aqueous solution
of ammonium nitrate (5 g NH4NO3 in 500 ml milli-Q water) was used to generate
nitrate aerosols using an atomiser. The relative humidity used for the pure nitrate
aerosol experiments was higher than that used in the TiO, experiments as, unlike TiO2
where the photocatalytic activity is negatively affected by RH above ~15 %,
ammonium nitrate aerosols have a higher efflorescence point of between
~13.7-23.9 % RH, as determined by a recent Raman micro spectroscopy study (Wu et
al., 2019). As such the aerosols were kept above 30 % to ensure their state was
deliquesced. The residence time within the flow tube was 30 seconds (flow rate
~ 6 Ipm) with the aerosols being under illumination for the entire residence time. The
number of lamps used was increased from 1, used in the TiO2/NO. experiments
described in Section 4.1.3, to 4, thereby increasing the photon flux from
(1.63 = 0.09) x 10% to (8.21 + 2.39) x 10'® photons cm? s and j(NO) from
(6.43 £0.30) x 10310 (3.23 £0.92) x 102 s, The j(NO2), j(HONO) and photon flux
values increased slightly more than directly proportionally between 1 and 4 lamps due
to the mirrored interior of the lamp casings leading to an increase in the effective light
intensity felt by the aerosols within the flow tube. The production of HONO was then
measured as a function of aerosol surface area density with no gas-phase NO; added.
Figure 4.12 shows the HONO concentration as a function of aerosol surface area
density for pure ammonium nitrate aerosols compared to a 50:50 mix of nitrate/TiOa.
Although a small amount of HONO was observed at the higher aerosol loadings, no

statistically significant production of HONO was seen.
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Figure 4.12. Dependence of the HONO concentration generated as a function of aerosol surface area
density for pure NH4NOs aerosol (black open squares, error bars represent 1) and 1:1 TiO2/NH4NO3
mixed aerosol (red open circles, error bars represent 1c). Both experiments were performed in N at
295 K, an illuminated residence time of 30 s, and a lamp photon flux of (8.29 + 2.39) x 10 photons
cm? st The NH4NOs only experiment was performed at ~50 + 5 % RH while the TiO2/NH4NO3
mix experiment was performed at 20 = 2 % RH. For all points, the background HONO seen observed
without illumination has been subtracted. At zero aerosol surface area density there is no HONO
generated from the walls of the flow tube. The variation in HONO produced for the mixed nitrate

dust aerosol was thought to be due to the difficulties that arose from TiO, and ammonium nitrate not

being completely miscible with TiO, tending to precipitate out of solution.

As shown in Figure 4.12, a second set of experiments was conducted with an aqueous
aerosol solution of TiO2 and ammonium nitrate in a 1:1 mass ratio (5 g NH4NOz and
5 g TiOz in 500 ml milli-Q water) to investigate the effect of the TiO2, as a photo-
catalyst, on the production of HONO from ammonium nitrate without the addition of
gas-phase NOa. For this set of experiments, the RH was decreased back to ~ 20% RH
to aid the photo-catalytic activity of TiO,. However, it is possible the aerosols were
still wet at this low RH (Wu et al., 2019). The presence of TiO: in the aerosol mixture
lead to a significant production of HONO without the addition of NO2, a potentially
significant result for the production of HONO in low NOy, high dust environments
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such as the oceanic regions off the coast of West Africa, e.g. Cape Verde or

intercontinental regions impacted by the air masses from the Gobi desert.

4.3.1.1 Calculation of the Particulate Nitrate Photolysis Rate with and without
the Presence of a Photo-catalyst

The particulate nitrate photolysis rate, j(pNOs3), was calculated from the experiments
with mixed nitrate/TiO, aerosols. An upper limit estimate (due to high scatter in data)

for the experiment with single component ammonium nitrate aerosols was also made.

Using the Aerosol Inorganic Model (AIM) Clegg et al., 1998;Wexler and Clegg, 2002,
the nitrate content of an aerosols at both 20 % and 50 % RH was calculated to match
the experimental conditions of TiO2/NH4sNOs and NH4NO3 respectively. The TiO:
content was assumed to not have an effect on this amount of nitrate within the aerosol
phase. From this, and the aerosol volume distribution measured by the SMPS during
the experiments, the [NOs"] within the aerosol phase was calculated. The production

of HONO by the photolysis of particulate nitrate is given by:

d[HONO] ~

—ar —J(PNO3)[NO3] Eq4.18
And hence:

[HONO] = j(pNO3)[NO3]t Eq4.19

where j(pNOs) is the photolysis rate of particulate nitrate (s*) for the lamps used in

these experiments and t is the illumination time (s).

With knowledge of [HONOY], [NOz7] and an illumination time of 30 s, j(pNOz) was
calculated from the gradient of the plot of [HONQ] as a function of [NOz’]. Figure
4.13 shows the dependence of [HONO] on [NOz7] for mixed nitrate/TiO> aerosol

experiment.
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Figure 4.13. Dependence of [HONO] on the nitrate content within the aerosol phase, calculated
using the AIM model for the mixed nitrate/TiO, experiment. From the gradient of this plot, j(pNO3)
was calculated to be (3.29 + 0.89) x 10 s**. Experiment performed at 15 + 1 % RH, in N2 at 295 K
with a lamp photon flux of (8.29 + 2.39) x 10'¢ photons cm™ s. For all points, the background
HONO seen observed without illumination has been subtracted.
For the mixed nitrate/TiO. experiment, the experimental particulate nitrate photolysis
rate, j(pNOs), was determined to be (3.29 + 0.89) x 10 s for a photon flux of
(8.29 + 2.39) x 10'® photons cm sL. From this experimental value, it was possible to
estimate an ambient j(pNOz) typical of the tropical marine boundary layer. The ratio
of the experimental j(HONO) for 4 lamps ((8.35 + 0.18) x 10 s!) and the measured
j(HONO) from the RHaMBLe campaign (1.2 x 102 s) held at the Cape Verde
Atmospheric Observatory [May-June,2007] (Carpenter et al., 2010;Whalley et al.,
2010;Reed et al., 2017) was used to normalise j(pNO3) to ambient conditions by
assuming that j(pNOs3) and j(HONO) scale in the same way. As such ambient j(pNO3)
was determined from:

1.2x1073

J(pNO3)y = j(pNO3) X F(HONOY. Eq 4.20
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where j(pNO3)y is the photolysis rate of particulate nitrate at Cape Verde, j(pNO5)
is the experimentally determined photolysis rate of particulate nitrate—HONO and
Jj(HONO) is the HONO photolysis rate coefficient calculated from the experimentally
determined j(NO2) (Dyson et al., 2021), fully described in Section 3.6.

Using Eq 4.20 and j(pNOs) = (3.29 + 0.89) x 10* s, calculated from the mixed
nitrate/TiO2 experiment, the rate of HONO production from ambient particulate nitrate
photolysis at Cape Verde was calculated to be j(pNO3)y= (4.73 + 1.01) x 10° s
(Dyson et al., 2021). In comparison, for pure nitrate aerosols in the absence of TiO-
(Figure 4.13) the data was scattered and the HONO production was small even at the
highest aerosol surface area. As such, an upper limit estimate of
j(pNO3)y=(1.06 + 1.15) x 10 st under ambient conditions at Cape Verde was made
using Eq 4.20, as done for the rate of HONO production from mixed nitrate/TiO>
aerosols. The atmospheric implications of this are discussed below.

4.3.2 Atmospheric Implications of HONO production Experiments

4.3.2.1 Production of HONO from Illuminated TiO2-containing Aerosols in the
Presence of NO2

A maximum reactive uptake coefficient for the conversion of NO, to HONO on the
surface of illuminated TiO2 aerosol particles was experimentally determined to be

Yno,-HoNo = (1.26 £0.17) x 10 at 51 + 5 ppb NO; for a photon flux from the lamp

of (1.63 +0.09) x 10 photons cm s, For the experiments with TiO- in the presence
of NOg, single component TiO> particles were used, and so for dust aerosols which
comprise 0f 0.1-10 % TiOz, a value of yyo,nono =(1.26 £0.17) X 107 is appropriate
assuming a maximum of 10 % of TiO and/or other photoactive materials in mineral
dust (Hanisch and Crowley, 2003). This uptake coefficient value could be important
for areas such as urban China: dust aerosols are transported from the Gobi desert to
areas of high NO2 and nitrate aerosols concentrations, such as Beijing where HONO
production catalysed by photoactive materials in dust could be important (Saliba et al.,
2014;Dyson et al., 2021). Under haze weather conditions, i.e. when
PM2s > 75 pg m3, when Oz was low and NO, was high, He et al., 2014 reported a full
aerosol chemical composition from 5 haze episodes in the Beijing-Tianjin-Hebei

regions of China in January 2013, showing that mineral dust can reach up to 10 % of
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total aerosol composition. For the same campaign in Beijing it was reported that on

average 12 = 1 % of aerosol was particulate nitrate (He et al., 2014).

A production rate of HONO from the experimental results in this work was estimated
for a non-haze period in summer in Beijing (AIRPRO campaign in central Beijing in
May-June 2017) to investigate the effect on HONO budget that NO> uptake could have
in urban China. The average daytime maximum values for [NO2], j(NO2) and aerosol
surface area for a non-haze (PMzs < 75 pug m™) period in May-June 2018 in Beijing
was 50 ppb, 1 x 102 st and 2.5 x 10° m? m (a maximum of 0.3 % was assumed to
be TiO, though this could be higher for dust impacted events (Schleicher et al., 2010)
respectively. Using these values for [NO:], j(NO2) and aerosol surface area, a
production rate of HONO of 1.70 x 10° molecules cm™ s (~24.8 ppt h') has been
estimated using yno,-nono = (1.26 £0.17) X 104 which was then scaled by a factor
of 1.55 to account for the small difference in experimental and ambient photon flux
for Beijing (Dyson et al., 2021). The scaling was necessary as the lamp used to
illuminate the surface of the TiO2 aerosols in these experiments gave rise to a j(NO2)
=(6.43+0.3) x 10351, a factor of 1.55 less than noontime j(NO2) measured in Beijing
during AIRPRO campaign. This value is similar to the maximum production of
HONO from urban humic acid aerosols in Europe reported to be 17 ppt hr? at 20 ppb
NO2 by Stemmler et al., 2007. For comparison, the net gas phase production rate of
HONO, Pyono, Under the same conditions, midday in Beijing summer 2018, was

determined from the measured gas phase production and losses:

Prono = kor+nolOH][NO] — (j(HONO) x [HONO] Eq4.21
+ kow+nono [OH][HONO])

where kogino= 3.3x 10 cm® molecule st (Atkinson et al., 2004),
kowsHono = 6x 10 cm® molecule s! (Atkinson et al., 2004) and
j(HONO)=1 x 10?2 s for an average maximum noontime OH concentration of
8 x 10® molecules cm (Whalley et al., 2021), NO concentration of 1.45 ppb (Whalley
etal., 2021) and HONO concentration of 0.8 ppb (Whalley et al., 2021).

Pyono Was calculated to be -3.8 ppb hrt. This net loss suggested the production of
HONO from TiO; aerosol surfaces in the presence of NO2 would have little effect on
the overall HONO budget for summertime in Beijing due to HONO destruction being

dominated by loss via photolysis at solar noon (Dyson et al., 2021).
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4.3.2.2 Production of HONO from Pure Nitrate and Mixed Dust/Nitrate
Aerosols without NO2

Marine environments, for example off the coast of West Africa which is impacted by
both dust aerosols from the Sahara and mixed nitrate aerosols from sea spray, could
be important for particulate nitrate photolysis as a source of HONO despite the low
NO. concentrations present (Hanisch and Crowley, 2003;Ye et al., 2017b). As
described in section 4.3.1.1, from laboratory experiments into HONO production
without the addition of NO2 on mixed ammonium nitrate/TiO> aerosols, a particulate
nitrate photolysis rate of a j(pNO3) = (3.29 + 0.89) x 10* s was estimated.
j(pNO3) was then scaled to typical ambient light levels for Cape Verde (location
chosen as an example marine boundary layer environment with high concentrations of
mineral dust aerosols). Using j(pNO3)y and an average midday concentration of
nitrate aerosols of 400 ppt measured at Cape Verde (Reed et al., 2017), a rate of HONO
production  from particulate  nitrate,  P,yo,~mono, Was calculated as
4.65 x 10° molecule cm™ s* (68 ppt hr'). This calculated Pyyo,-nono Was estimated
to be ~50 times larger than with pure nitrate aerosols alone. For comparison, the
missing HONO production from the RHaMBLe campaign in Cape Verde was
calculated from the measured [HONQY] and the known gas phase production and loss
routes of HONO:

Pother = [HONO](j(HONO) + koyinono[OH]) — kou+no[OH][NO]) Eq4.22

where kogino= 3.3x 10 cm® molecule? st (Atkinson et al., 2004),
konsHono = 6x1012 cm® molecule? s! (Atkinson et al., 2004) and
j(HONO)=2 x10°® s for an average maximum concentrations of
1 x 10" molecules cm™ for OH (Whalley et al., 2010), 5.41 x 10" molecule cm™ for
NO (Whalley et al., 2010) and 1.23 x 108 molecule cm™ for HONO (Whalley et al.,
2010).

The missing HONO production rate, P,:.,, for Cape Verde was calculated to be
34.6 ppt hr! suggesting a particulate nitrate photolysis rate of 68 ppt hr! could be
significant in closing the HONO budget for this environment (Whalley et al.,
2010;Reed et al., 2017;Ye et al., 2017a;Dyson et al., 2021).
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4.3.3 Experimental Summary: HONO Production from Aerosol Surfaces

The production of HONO from illuminated TiO2 aerosol surfaces in the presence of
NO. was investigated. The reactive uptake coefficients of NO,—HONO onto the
illuminated TiO- aerosol surfaces were determined for NO2 mixing ratios from 34 to
400 ppb, with a maximum yyo,nono Value of (1.26 £ 0.17) X 10 for single-
component TiO, aerosols observed at 51 ppb NO. and for a lamp flux of
(1.63 + 0.02) x 10'® photons cm™ s (integrated between 290 and 400 nm). The
measured uptake coefficients varied with increasing NO2 mixing ratio showing an
increase, peaking at 51 ppb + 5 ppb NO3, then subsequent decrease as a function of
NO. mixing ratio: a dependence on NO2 not supported by reaction of NO, with H.O
to give HONO and HNOs3, seen previously as a dark reaction (Syomin and Finlayson-
Pitts, 2003). Kinetic box modelling studies supported a mechanism involving two NO>
molecules per HONO molecule generated, suggesting the formation of an NO> dimer
intermediate, the exact mechanism of which is unclear. Using previous studies we
propose the process occurs via the isomerisation of the symmetric N2O4 dimer to give
trans-ONO-NOg, either via cis-ONO-NO: or directly, suggested to be more reactive
with water than the symmetric dimer (Finlayson-Pitts et al., 2003;Ramazan et al.,
2004b;Ramazan et al., 2006;de Jesus Madeiros and Pimentel, 2011;Liu and Goddard,
2012;Murdachaew et al., 2013;Varner et al., 2014). Using the experimentally

determined uptake coefficient for HONO production from NO: uptake, yyo,-nono,

the rate of HONO production from illuminated aerosols in Beijing in Summer 2017
for typical NO2 mixing ratios, light levels and aerosol surface areas was found to be
similar to that estimated previously for HONO production on urban humic acid
aerosols in Europe, 24.8 ppt hr! and 17ppt hr! respectively (Stemmler et al.,
2007;Dyson et al., 2021).

The relative humidity dependence of HONO production on TiO> surfaces with NO2
mixing ratio was also investigated showing a peak in HONO production at
approximately ~30 %. At much higher NO2 concentrations the peak is shifted slightly
to a lower RH and shows more production of HONO at all RHs. This could be due the
active sites on the surface filling faster with increasing RH due to the higher number
of NO> already adsorbed to the surface. It is also possible the higher concentration of
NO2 on the surface leads to more UV light being absorbed by the NO: thereby

reducing effective light intensity available for the photolytic reactions that form
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HONO on the surface of the aerosols. The increase in HONO production with RH can
be attributed to a higher concentration of water on the surface increasing the
availability for the NO2 hydrolysis reaction until ~ 30% RH whereupon the production
is observed to decrease due most likely to increased water surface concentration

inhibiting the NO> adsorption process.

In the absence of NO2, the production of HONO from nitrate aerosols was also
investigated to determine if nitrate aerosols alone were a significant source of HONO
from particulate nitrate photolysis or whether TiO2, when added, could make the
nitrate in ammonium nitrate available for HONO formation. With addition of TiOz,
significant production of HONO was seen with increasing aerosol surface area. Using
experimental results, a rate of HONO production from nitrate photolysis, in the
presence of TiO,, was calculated for ambient conditions in marine environments,
scaled to the ambient conditions encountered at Cape Verde Atmospheric
Observatory, to be 68 ppt hrt for the j(pNO5) y calculated from the mixed nitrate/TiO>
experiments. This is similar in magnitude to the missing HONO production rate
calculated previously for the RHaMBLe campaign suggesting for low NOx, high dust
environments particulate nitrate photolysis could be important for the HONO budget
(Yeetal, 2016a;Ye et al., 2016b;Ye et al., 2017a;Ye et al., 2017h).

In comparison, production of HONO from pure, deliquesced ammonium nitrate
aerosols alone, without the addition of NO- or photocatalytic TiO2, however could not
be definitively confirmed for the range of conditions studied here. Future work would
involve studying production of HONO from pure nitrate aerosols over a wider range
of conditions with the addition of other chemical species which could promote HONO
production, such as seed aerosols or halogen species typically found in marine

environments.
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5 Characterisation of Secondary Organic Aerosol
Formation wusing a Potential Aerosol Mass
Chamber

5.1 The Importance of SOAs

Secondary organic aerosols (SOAS) are generated from low-volatility products formed
via the oxidation of volatile organic compounds (VOCs), typically monoterpenes and
aromatic compounds. Once formed these low volatility products can either nucleate
or partition onto existing aerosol particles. SOAs account for a large fraction of the
organic matter in the troposphere with up to 90 % of the organic particulate matter in
urban areas being from SOAs (Kanakidou et al., 2005;Lakey et al., 2016a). This means
that they can have a significant negative effect on human health leading to respiratory

and cardiovascular diseases.

There are several factors which can determine the formation of SOAs from VOC
oxidation. The VOC precursor must be abundant in the atmosphere and must be
reactive and therefore oxidises rapidly in order for the products to accumulate and
eventually reach high concentrations in the atmosphere. And lastly, the volatility of
the products must be low enough for them to either condense onto nearby particles or
to homogenously nucleate once gas phase saturation level has been reached (Donahue
et al., 2011;Matthews, 2014).

As mentioned in Section 1.1 aerosols, including SOAs, play a part in the scattering
and absorption of light in the atmosphere meaning that SOAs have an important role
in the global radiative balance, with atmospheric aerosols being the most uncertain
aspect of climate radiative forcing (Myhre et al., 2013). Understanding the sources,
atmospheric processes and chemical properties will therefore allow the impacts of
SOAs on human health and climate to be more accurately predicted (Kang et al.,
2007).

A large fraction of non-methane hydrocarbons are terpenes. Terpenes, such as a-
pinene or limonene, are emitted from the biosphere with an estimated global emission
rate of 10%* g yr, ~35 % of which is a-pinene (Zhang and Zhang, 2005). As such,
terpenes were chosen for study in this work due to their prevalence in the atmosphere

and their ability to form high concentrations of aerosol particles via ozonolysis. The
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reaction of limonene and Oz is relatively slow, with a reaction rate of
2.13 x 107 cm® molecule® s at 298 K, making this reaction ideal for the study of

new particle formation in reaction chambers (Khamaganov and Hites, 2001b).

5.2 An Introduction to PAM Chambers as a Type of Oxidation

Flow Reactor

Oxidation Flow Reactors (OFRs) are a type of environmental chamber which are used
to generate higher-than-ambient oxidant concentrations typically using OH or Oz as
the oxidants formed via photolysis of H20, Os and Oz (Peng et al., 2019;Peng and
Jimenez, 2020). In recent years, the use of OFRs for the study of VOC oxidation and
SOA formation has grown. A Potential Aerosol Mass (PAM) chamber is an OFR used
to study the maximum aerosol mass that can be generated from oxidation of precursor
VOCs allowing the investigation of SOA processes in a controlled environment. Both
the precursor and the oxidant, most commonly OH or Oz in much higher
concentrations than those found atmospherically, are added into the reactor and
allowed to react to produce low volatility products which partition into the aerosol
phase (Kang et al., 2007). These aerosols can then be characterised using a Mass
Spectrometer or a Scanning Mobility Particle Sizer (SMPS). Oxidation flow reactors,
of which a PAM chamber is an example, use light at either 254 nm (“OFR254) or both
185 and 254 nm (“OFR185”). OFR254 requires the addition of Oz, externally
produced to the PAM chamber, due to the lamps inside the chamber being encased in
quartz tubes, meaning only 254 nm photons are available. The O3 introduced into the
chamber can then be photolysed at 254 nm to give OH (Peng and Jimenez, 2020).

A=254
05+ hv =5 01D + 0, R11
0D + H,0 - 20H R1.2

In OFR185 system, Teflon tubes encase the lamps inside the chamber so both 184
and 254 nm photons are available meaning that OH is formed through the H2O vapour
photolysis (some OH is lost to the walls if the 185 nm is external to the PAM chamber
however OH will still be present in the chamber) and Os is formed through O-
photolysis (Peng et al., 2015):

A=185
0, + v —= " 20¢3P) R23
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20(3P) + 20, - 204 R 2.4

A=185nm

H,0 + hv — H + OH R3.1
H+ 0, - HO, R3.2

Laboratory studies using oxidation flow reactors, such as PAM chambers, are essential
in providing information on the chemical and physical properties of SOA, as well as
allowing SOA yields from different biogenic and anthropogenic VOCs to be studied.
From such studies it has been shown that SOA yield depends on the VOC:NOx ratio
(Ng et al.,, 2007;Loza et al., 2014), the volatility and concentration of the VOC
precursor (Presto and Donahue, 2006), exposure time ([OH]t) of the oxidant (Lambe
et al., 2012;Lambe et al., 2015) and the presence of seed particles which can be used
to promote condensation of volatile species into the aerosol phase (Lambe et al., 2015).
Larger batch-style environmental chambers have long residence times of several hours
and lower oxidant concentrations (i.e. 108-10” molecule cm OH) and are designed to
specifically simulate the timescale of SOA formation in the atmosphere (Lambe et al.,
2015). The concept of a PAM chamber was first introduced by Kang et al.,2007 as a
method of simulating atmospheric photo-oxidation at much faster time scales of a few
minutes, with OH concentrations up to ~ 10° molecule cm (Kang et al., 2007;Lambe
etal., 2015). This study also reported negligible wall loss effects, a big advantage over

traditional environmental chambers (Kang et al., 2007).

A recent study (Kang et al., 2018) into photochemical ageing using a PAM chamber
showed through High Resolution Time of Flight Aerosol Mass Spectrometry (HR-
ToF-AMS) that the H:C and O:C ratios within the chamber were in close agreement
with those generated ambiently despite the much higher oxidant levels, estimated to
be 7 x 10! molecules cm™ s, within the chamber as compared to ambient levels. This
confirmed the applicability of the PAM chamber for use in field studies on the
observation of aging processes of aerosols including emissions and long range
transported air masses (Kang et al., 2018). In addition to laboratory studies, SOA
formation has also been studied with ambient air (Ortega et al., 2016;Palm et al.,
2017), as well as more recent studies on SOA production from vehicle exhaust (Pieber
et al., 2018;Zhao et al., 2018).

To our knowledge the only study which investigated the uptake of HO2, onto SOA
formed from a PAM chamber was done by the Leeds group in 2016 (Lakey et al.,
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2016a). In this study the first measurements for HO> uptake onto SOA particles were
reported to be y<0.001 for a-pinene and y=0.004 + 0.002 for 1,3,5-trimethylbenzene
(TMB). The lower uptake coefficient for a-pinene was postulated to be due to the
higher viscosity of a-pinene compared to TMB and the differing water content of the
aerosols, or potentially due to HO2 + RO reactions occurring within the aerosol
particles (Lakey et al., 2016a). Additionally, Lakey et al., 2016 reported a FAGE
interference with NO on in the cell and the mercury lamp off for TMB proposing this

may be due to an RO species present/formed in the aerosol flow tube.

5.3 Monoterpene Oxidation by Ozone

Secondary Organic Aerosols (SOAs) are formed through the oxidation of volatile
organic compounds (VOCSs). Monoterpene ozonolysis begins with the cycloaddition
of ozone into the C=C double bond forming a primary ozonide. The primary ozonide
formed from a-pinene, the reaction of a-pinene+ Oz being one of the main SOA
forming reactions in the atmosphere (lyer et al., 2021), decomposes into two isomeric
energized Criegee intermediates (CIs). Studies suggest ~60-90 % of CI undergoes
unimolecular H-shift followed by O addition leading to the formation of vinyl
hydroperozides (VHP) which then release OH radicals which lead to the production
of RO: radicals (Ci0H1504:). CioH1504- can then initiate a cascade of RO
autoxidation reactions and bimolecular reactions, the products of which have varied
levels of functionality and volatilities and are therefore in both gas phase and particle
phase. Due to the complexity of the a-pinene ozonolysis system, RO> autoxidation and
the competing bimolecular reactions is not fully understood (Zhao et al., 2021). An

example of this mechanism is given for a-pinene below:
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Figure 5.1. First steps in the ozonolysis of a-pinene. The addition of ozone across the double bond
of a-pinene creates a primary ozonide which breaks apart to a Criegee intermediate (Cl). The Criegee
intermediate can then undergo a 1,4 H-shift to form a vinyl hydroperoxide (VHP). VHP can then
rapidly lose an OH radical to form the vinoxy radical (radical centre indicated by the black dot)
which forms an RO, radical when O is present. Figure reproduced from lyer et al., 2021.
Out of the estimated mean annual biogenic VOC emissions (760 Tg yr?), ~70 % is
isoprene and ~11 % are monoterpenes (Sindelarova et al., 2014). a-pinene, an alkene
released biogenically by coniferous trees, is the most commonly studied biogenic
monoterpene due to its global importance as an SOA precursor, making up ~ 34 % of
total monoterpene emission (Sindelarova et al., 2014;lyer et al., 2021). While a-pinene
is the most abundant monoterpene, limonene has been suggested to comprise of up to
20 % of total monoterpene emissions due to its use in household cleaning products in

addition to biogenic emissions (Gong et al., 2018).
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a-pinene, in its liquid state, is more viscous than limonene, 1.293 mPa s and
0.923 mPa s respectively for 298.15 K (Weast and Astle, 1983;Comelli et al., 2002).
Lakey et al., 2016a measured smaller uptake coefficients for HO, onto a-pinene
derived SOA compared to TMB derived SOA due potentially to the larger viscosity
of a-pinene making the diffusion of HO; into the bulk of the aerosol the rate limiting
step. Champion et al., 2019 measured the viscosity of limonene SOA to be 3.1 mPa s
at 30°C. The viscosity of a-pinene aerosols, in comparison, was estimated to be
~100 Pa s by Abramson et al., 2013. Limonene has 2 double bonds meaning two
possible reaction sites with Oz and/or OH. This and the lower viscosity suggested that

limonene would more readily form SOA.

In this chapter the PAM chamber is characterised for the generation of SOA from
a-pinene and limonene and the aerosol number and surface area size distributions of
a-pinene and limonene-derived SOA are reported under different Oz and VOC

concentrations.

5.4 Characterising a-pinene-derived Secondary Organic Aerosols
Using an SMPS

Given that a-pinene is the most common monoterpene and the uptake of HO, onto
a-pinene has been previously studied at the Paul Scherer Institute in Switzerland by
Lakey et al., 2016a, a-pinene SOA was the obvious starting point for initial
characterisation of the newly built Leeds PAM chamber, system fully described in
Section 2.4. The effect of changing the initial a-pinene concentration on the aerosol
number and size distributions was investigated, and the particle number, surface area
and volume size distributions for 4.5, 9, 22 and 44 ppm initial a-pinene concentration
with 8 ppm O3 are shown in Figure 5.2. It is worth noting that the sheath flow of the
SMPS was kept at 3 Ipm, a setting which allowed the DMA to measure particles of
diameters between ~10 and 700 nm. As such all size distributions in this chapter will
be in this range. For TSI Instruments DMA Model 3068, the maximum range of
diameters that can be measured is 1-1000 nm depending on the configuration of the
DMA.
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Figure 5.2. a) average particle number size distributions (cm), b) average aerosol surface area size
distributions (m2 m) and c) average volume size distribution (nm? cm3) of a-pinene-derived SOAs
averaged over 5-10 runs for each initial a-pinene concentration of 4.5 ppm (green), 9 ppm (blue), 22
ppb (red) and 44 ppm (black) for an ozone concentration of 8 ppm. Experiment done in air.

Temperature = 24 £+ 2 °C, Pressure = 760 Torr.
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As is shown in Figure 5.2, the PAM chamber was able to produce constant (i.e. little
variation in particle number or aerosol surface area for a given diameter over multiple
runs for the same O3z and a-pinene concentrations) size distributions over a range of
initial a-pinene concentrations. With increasing concentration of a-pinene added, from
45 to 44 ppm, total aerosol particle number increased from (1.13 + 0.006) x 10°
cm to (1.44 + 0.005) x 10’ cm3, while the total aerosol surface area increased from
(2.88 £ 0.03) x 10t m? m3 to (7.67 + 0.05) x 10"t m? m=3. With increasing oxidant
concentration, SOAs generated from alkene ozonolysis are observed to become more
functionalised, as evidenced by an increase in oxidation, thereby increasing in size
until fragmentation supersedes and higher volatility products will fragment, evidenced
by a decrease in aerosol mass, and partition out of the aerosol phase. As the a-pinene
is increased in Figure 5.2 to an excess of 5.5 times the Oz concentration, the
functionalisation and growth of aerosols accordingly is less prevalent due to less
effective Oz concentration (Lambe et al.,, 2012;Lambe et al., 2015;Tu et al.,
2016;Bianchi et al., 2019). As such the size distributions shift to smaller particles.
Interestingly the bimodal shape of the particle number size distribution changed with
increasing a-pinene initial concentration from the second mode being larger to the first
mode being larger indicating a change in size/composition of the aerosols. Kang et al.,
2007 reported an increase in SOA vyield as a function of Oz from the ozonolysis of
a-pinene, with aerosol mass increasing with additional Oz until a stable maximum

value of SOA yield was reached.

The PAM chamber was able to create reproducible SOA surface area size and number
distributions over different experimental days provided the conditions were the same,
validating the PAM chamber for use in HO2 uptake experiments. Figure 5.3 shows the
aerosol number, surface area and volume size distributions over 2 different

experimental days for the same initial a-pinene and O3z concentration.
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Figure 5.3. a) average particle number size distributions (cm), b) average aerosol surface area size
distributions (m? m?) and c) volume size distribution (nm?3 cm®) on 2 different experimental days
(purple circles represent day 1 and green circles represent day 2), averaged over 5-10 runs, showing
that reproducible size distributions can be generated using the PAM chamber. Initial a-pinene
concentration = 9 ppm, O3 concentration = 8 ppm. Total particle number was (5.07 + 0.02) x 10°
cm3and (4.58 + 0.03) x 10% cm3, for day 1 (pink) and day 2 (turquoise) respectively. Total aerosol
surface area was (5.94 + 0.04) x 10 m? m= and (5.68 + 0.06) x 10t m? m=3, for day 1 (purple) and
day 2 (green) respectively. All experimental conditions kept the same. Temperature = 24 + 2 °C,

Pressure = 760 Torr. Errors shown are 1c.
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5.5 Characterising Limonene-derived Secondary Organic Aerosols
Using an SMPS

55.1 SOA Formed from the Reaction of Limonene With Ozone

As discussed in Section 5.3, due the viscosity of a-pinene, Lakey et al., 2016 measured
a low uptake coefficient of HO2 onto a-pinene, i.e. < 0.001. Limonene has a lower
viscosity, is commonly used in household cleaning products and therefore is important
to consider for indoor air quality, and has 2 double bonds making it more reactive with
Os. As such the PAM chamber was characterised for the formation of limonene-
derived SOAs through both ozonolysis and OH-initiated chemistry.

55.1.1 Effect of Changing Os and Limonene Concentration on the Size
Distribution of Limonene-derived SOA

Figure 5.4 shows the effect on the aerosol particle number (cm®), surface area
(m? m®) and volume (nm?® cm™) size distributions of changing the O3 concentrations

while keeping the limonene concentration constant.
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Figure 5.4. a) average particle number size distributions (cm®), b) average aerosol surface area size
distributions (m? m?) and c) volume size distribution (nm® cm2) of limonene-derived SOAs,
averaged over 5-10 SMPS runs, for fixed initial limonene concentrations of 1.7 ppm, ozone
concentrations of 0.5 ppm (dark blue), 1.35 ppm (light blue), 2.21 ppm (light purple) and 2.85 ppm
(purple). RH = 14 £ 4 %, pressure = 760 Torr, temperature = 24 + 2 °C. Errors represent 1c.
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From Figure 5.4, it can be seen that increasing the ozone concentration while keeping
limonene concentration constant shifts the mode diameter of the number, surface area
and volume size distributions to higher diameters. The particle number also increases
for a given diameter showing more aerosols are created with an increase in ozone
concentration. This is to be expected as increasing the ozone concentration from below
the concentration of limonene (0.5 and 1.35 ppm), i.e. limonene was fixed at 1.7 ppm,
to greater than the concentration of limonene (2.21 and 2.85 ppm) and therefore
increasing the oxidation capacity of the system would result in an increased number
of oxidation products in both gas and particle phases. As more Oz was introduced to
the system the size distributions shifted towards larger diameters, possibly due to
coagulation (higher concentrations of aerosols leading to increased collisions of
aerosols within the same volume (Ramabhadran et al., 1976)) in addition to
functionalisation leading to the formation of larger more oxidised aerosols (Lambe et
al., 2012;Tu et al., 2016)

As shown in Figure 5.5, varying the limonene concentration with a fixed Os
concentration increases the number, and therefore the surface area of the SOA
produced as expected, however, unlike when the Oz concentration is increased for
fixed limonene concentration, the mode diameter of the size distributions does not
significantly change as seen with a-pinene. This suggests the shift in mode diameter
to larger aerosols with increasing Os but fixed limonene is due to functionalisation as

opposed to coagulation alone.
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Figure 5.5. a) average particle number size distributions (cm®), b) average aerosol surface area size
distributions (m? m®) and c) volume size distributions (nm® cm2) of limonene-derived SOAs,
averaged over 5-10 SMPS runs, for fixed O3 limonene concentrations of 1.35 ppm, initial limonene
concentrations of 0.43 ppm (red), 0.86 ppm (pink), 1.71 ppm (orange) and 3.85 ppm (yellow). RH =
14 + 4 % RH, pressure = 760 Torr, temperature = 24 = 2 °C, flow rate = 4 Ipm. Errors represent 1c.
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55.2 SOA Formed from the Reaction of Limonene and the OH radical

While Oz is generally thought to be the most important indoor oxidant due to lack of
sunlight to form OH and limonene is a common indoor pollutant due to its prevalence
in household cleaning products, limonene is also biogenically emitted (Carslaw et al.,
2017;Carslaw and Weschler, 2018) making limonene an important atmospheric
pollutant. As such the production of SOAs via OH-initiated reactions with limonene

was also investigated.

5.5.2.1 Effect of Changing OH and Limonene Concentration on the Size
Distributions of Limonene-derived SOA

To generate a high concentration of OH within the PAM chamber for OH-initiated
SOA formation, both 185 nm and 254 nm lamps are required. First the 185 nm lamp
generates Oz externally to the PAM chamber which is then photolysed at 254 nm to
give O(*D) atoms which subsequently react with water vapour to form OH within the
PAM chamber. As such the Oz concentration can be varied by varying the external
185 nm lamp current. However, this had no effect on the number or surface area of the
aerosols produced (for 5-20 mA range) indicating the limiting condition for OH
production was the 254 nm lamp intensity i.e. the SOA formation was dominated by

OH initiated oxidation of limonene.

As with increasing Os concentration for limonene ozonolysis characterisation
experiments, shown in Figure 5.4, it was expected that increasing the number of
254 nm lamps and thereby increasing the overall OH concentration, would lead to an
increase in SOA production. However, due to insufficient cooling of the 254 nm lights
within the chamber (described fully in Section 2.4), an increase in the number of lights
coupled with an increase in time with the lights on as the experiment progressed, led
to the PAM chamber increasing from room temperature, 24 °C, to 60 °C. The internal
and external temperature of the PAM chamber was measured using a thermocouple
(RS Pro Type K). For OH-initiated chemistry in the future, the design of the PAM
chamber with regards to lamp cooling should be optimised. It is worth noting that
while the Oz concentrations within the system were measured with the Oz box, at

present the system is not set up to measure the OH concentration.

Figure 5.6 shows the effect on the particle number (cm?), aerosol surface area
(m? m3) and volume (nm® cm®) size distributions when the number of 254 nm lamps

in the chamber is increased, and therefore the OH concentration is assumed to increase,
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for a fixed limonene concentration of 1.71 ppm and a fixed O3z concentration of 1.35

ppm.

2.5x107 : ———
a)
2.0x10" -
g,
- X .". -
§ 1.5x10" 1 b F 5
~ ‘E' -r%
o | ¥ i J
2 : A .
2 1.0x10' e T
¥z # =
ad by %
5.0x10° i f RN -
3 p—— -
10 100 1000
6 T
b)
5 -
e %
= i
L%
T v ‘a%& 1
% ;‘? i
o 34 i 1
a) i
g =
3 i
g o F & i
o o
= s
> =
14 -
0 . e . —
10 100 1000
6.0x10™ T —————r
c)
;‘
o Y%ni‘o
E 4.0x10" | " ARl
=3
E =l
c -
\O {.‘,
Q +
g L
= oo =
2 2.0x10" 4 . .
-
E
0.0 —
10 1000

Diameter / nm

Figure 5.6. a) average particle number size distributions (cm-3), b) average aerosol surface area size
distributions (m? m) and c) volume size distribution (nm? cm) of OH-initiated limonene-derived
SOAs, averaged over 5-10 SMPS runs, for fixed initial limonene concentration of 1.71 ppm, with
one 254 nm lamp (light green), two lamps (dark green), three lamps (grey) and four lamps (black).
O3 concentration = 1.35 ppm, RH = 14 + 4 %. Temperature of the chamber increased from 24 + 2 °C

to 60 £ 5 °C during the experiment. Pressure = 760 Torr, flow rate = 4 Ipm. Errors represent 1c.
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In comparison to the SOA derived from limonene ozonolysis, the particle number size
distribution for OH-initiated limonene derived aerosols is bimodal. This might be the
result of self-nucleation of first versus second generation products of OH+limonene
reaction (Yu et al., 2011). The reaction of OH and limonene occurs much faster than
limonene and ozone (Khamaganov and Hites, 2001a;Braure et al., 2014) and therefore
first and second generation products are produced in the gas phase. Though first
generation products form much faster, second generation products are less volatile and
therefore are more likely to partition into the aerosol phase via self-nucleation forming
smaller nuclei (Ng et al., 2006;Yu et al., 2011). Ng et al., 2006 found that for
compounds with 2 double bonds, such as limonene, second generation products
contribute substantially to SOA growth. Due to the reaction of limonene and ozone
being slower in comparison, the majority of SOA produced could be formed by

partitioning of first generation products leading to a uni-modal size distribution.

The particle number increased by a factor of ~1.6 from (0.86 + 0.02) x 10’ cm™ to
(1.40 £ 0.1) x 107 cm™ when the number of 254 nm lamps inside the PAM chamber
was increased from 1 to 2 for fixed Oz and limonene concentrations; average particle
number and surface area values (for between ~10 — 700nm as measured and summed
by the SMPS) for 1-4 lamps are tabulated in Table 5.1. When the number of lamps
was increased from 2 to 3 and then to 4, the particle number was the same within error
suggesting that above 2 lamps either, the Oz concentration was limiting and would
need to be increased for further OH to be produced, or this was the effect of increasing

internal PAM chamber temperature.
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Number of 254 nm Average particle Average aerosol surface

lamps number / 107 cm3 area/m?m3
1 (0.86 + 0.02) (2.04 £ 0.03)
2 (1.40 + 0.10) (2.51 +0.01)
3 (1.62 +0.17) (2.52 +0.02)
4 (1.53 +0.30) (2.29 +0.03)

Table 5.1. Average total particle number (cm) and average total aerosol surface area (m? m) for
increasing the number of 254 nm lamps inside the PAM chamber with O3 concentration fixed at
1.35 ppm. RH = 14 * 4 %. It is worth noting that the size distributions measured were truncated at ~
700 nm and so these total particle number and surface areas, more importantly for surface area, are
underestimated due to the maximum particle size the SMPS can measure with the current DMA.

A shift to lower mode diameter, i.e. an increase in the number of smaller aerosols, with
increasing lamps can be seen in Figure 5.6, most obviously for the increase in 1 to 2
lamps, which is the opposite of what was seen by increasing the Oz concentration in
limonene ozonolysis characterisation experiments. The rate constant for the addition
of OH over the double bond of limonene is faster than with O3z and therefore initial
reaction occurs more rapidly, giving more time for increased functionalisation,
Kimson = 1.45 x 1071° cm® molecules? s! (Braure et al., 2014) versus
Kiim+oz = 2.12 x 101® cm® molecules? s (Khamaganov and Hites, 2001a). Highly
oxygenated molecules (HOMs) and a subset of HOMs known as Extremely Low
Volatility Compounds (ELVOC) are formed from the oxidation of alkenes and are
vital in new particle formation and the life cycle of SOA. HOMs can condense into
the particle phase. Mutzel et al., 2015 proposed that condensed HOMs can then either
remain in the condensed phase without structural change, can undergo fragmentation
reactions leading to shorter chain carbonyls or they can form larger, more oxidised
species. The processes could occur simultaneously meaning that HOMs could undergo
further condensed phase reactions and impact the overall composition of SOA
(Bianchi et al., 2019). Lambe et al., 2012 observed an increase in SOA yield followed
by a decreased with increasing OH exposure, with the decrease in SOA vyield
correlating with an increase in oxygen content and a decrease in carbon content
suggesting fragmentation as opposed to functionalisation takes place at high OH

exposure. Lambe et al., 2012 reported yields in SOA as a function of O/C ratio from
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the reactions of OH and alkenes showing a competition between condensation,
functionalisation (i.e. oxygen addition) and fragmentation (i.e. carbon loss). At low
OH exposures addition of oxygen to alkenes produces low vapour pressure, gas phase
species which can easily partition to form SOA. Continued exposure to OH and
therefore increased functionalisation leads to fragmentation to form more volatile
species which will less readily condense into the aerosol phase (Lambe et al.,
2012;Chen et al., 2013)

A shift in mode diameter of aerosol number and surface could therefore be due to
increasing functionalisation of SOA leading to fragmentation processes reducing the
number of larger aerosols. There could also be a heat effect due to the increase in
temperature over the experiment as the lamps heated the chamber from room
temperature to ~ 60 °C due to insufficient cooling. The increase in temperature will
reduce the partitioning of volatile species from the gas to particle phase thereby
slowing the growth of aerosols or causing the evaporation of material from larger

aerosols leading to smaller aerosols (Pankow, 1987).

Unlike with limonene ozonolysis characterisation experiments (shown in Figure 5.5),
when OH concentrations were fixed (two 254 nm lamps) and the limonene
concentration was varied, the size distributions changed significantly. For the SOA
derived from ozonolysis of limonene, an increase in limonene with fixed oxidant
resulted in an increase in SOA but no change in size distribution. The particle number
(cm™), aerosol surface area (m? m?) and volume (nm® cm™) size distributions when
limonene concentration was varied while keeping OH concentration constant is shown

in Figure 5.7.
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Figure 5.7. a) average particle number size distributions (cm®), b) average aerosol surface area size
distributions (m? m=) and c) volume size distributions (nm3 cm3) of OH-initiated limonene-derived
SOAs, averaged over 5-10 SMPS runs, for two 254 nm lamps, with 0.43 ppm (pink), 0.86 ppm
(purple), 1.71 ppm (blue) and 3.85 ppm (orange) initial limonene concentration. RH = 14 + 4 % RH.

Pressure = 760 Torr, temperature of PAM chamber = 60 = 5 °C, flow rate = 4 lpm. Errors represent



Due to coalescence and aggregation, as increased concentrations of limonene were
added to the chamber while keeping the oxidant the same, the number of larger
aerosol particles created increased. Interestingly the particle number size
distributions at 0.43 and 0.86 ppm limonene were tri-modal but for 1.71 and
3.85 ppm the size distributions become bi-modal. However, the number size
distributions were bi-modal at 1.71 ppm at 1,2,3 and 4 lamps, shown in Figure 5.6
suggesting the change in modality may be due to the increase in chamber

temperature throughout the day.

5.6 Summary

A potential aerosol mass chamber was built and characterised for the production of
secondary organic aerosols from a-pinene and limonene by reaction with both Oz and
OH. Stable reproducible SOA aerosol surface areas were produced, validating the

PAM chamber for use in HO uptake experiments on SOA surfaces.

The chamber was first characterised for a-pinene derived SOAs produced by
ozonolysis with stable, bi-modal number size distributions observed. Due to the
viscosity of a-pinene and the difficulties in measuring uptake of HO onto a-pinene
surfaces encountered by Lakey et al., 2016, limonene-derived SOAs were then

investigated.

A comparison of aerosol number, surface area and volume size distributions for OH-

initiated and Oz-initiated limonene-derived SOAs are shown in Figure 5.8.
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Figure 5.8. Comparison of a) particle number size distribution (cm-®), b) aerosol surface area size
distributions (m? m3) and c) volume size distributions (nm® cm) for Os-initiated (black circles, left
axis) and OH-initiated (red circles, right axis) limonene SOA formation. Limonene concentration =
1.71 ppm, O3 concentration = 1.35 ppm. RH = 14 + 4 %. Note the right axes for particle number and
surface area are 1 and 2 orders of magnitude larger than the respective left axes due to more aerosols

in the case of OH initiated oxidation. Errors shown are 1c.
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SOA formed from the ozonolysis of limonene were observed to be bi-modal, with total
number, surface area and volume increasing with increasing limonene added to the
system. SOA formed from OH-initiated chemistry, however, was observed to be either
bi- or tri- modal. For the same Oz and limonene concentration, shown in Figure 5.8, a
factor of ~29 more aerosol particles were produced with OH-initiated chemistry
(1.40 x 107 cm™) compared to Os-initiated chemistry (4.87 x 10° cm®). Due to the
difficulties with keeping the PAM chamber cool when the OH-generating lamps are
on, future work would involve modifying the cooling system of the lamps or mounting
the lamps external to the chamber in order to stop temperature of chamber increasing
throughout the day which could lead to changes in physical characteristics (i.e. number

and size) of SOA generated.
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6 Measurements of HO; Uptake Coefficient onto
Secondary Organic Aerosols Generated using A
Potential Aerosol Mass Chamber

HO. uptake coefficients were measured for the first time onto secondary organic
aerosols by Lakey et al., 2016a who observed the uptake of HO2 onto a-pinene and
tri-methyl benzene derived SOAs using a PAM chamber and smog chamber in
combination at the Paul Scherrer Institute in Switzerland. This chapter aims to build
on these experiments by investigating the uptake of HO. onto limonene derived SOAs,
formed by ozonolysis using a PAM chamber constructed at the University of Leeds.
The uptake coefficient onto limonene derived SOA is expected to be higher compared
to a-pinene derived SOA due to the lower viscosity of limonene derived SOA as well
as the presence of an additional double bond in the precursor molecule (Clara et al.,
2009).

6.1 Measurements of HO, Uptake Coefficient onto Secondary

Organic Aerosols

6.1.1 Validating HO2 Uptake Apparatus

To validate the HO. uptake set-up, described fully in Section 2, the uptake of HO-
onto aqueous ammonium sulphate (AS) aerosols was measured and compared to
previous measurements done by George et al., 2013. Ammonium sulphate aerosols
were generated using an atomiser (set-up fully described in section 3.3.3) from a
mixture of 5g (NH4)2SO4 (Fisher Scientific, Analysis grade) in 500 mL milli-Q water.
The HO: signal was observed to decrease, as expected, with increasing injector
distance both with and without aerosols present. HO> signal decreased faster with
aerosols present due to loss to walls plus loss to aerosols in the flow tube. An example

HO: signal decay with injector distance is shown in Figure 6.1.
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Figure 6.1. HO; signal decay with injector distance, kwan, due to loss to the surface of (NH4)2SO4
aerosols in the flow tube. Aerosol surface area = 0.006 + 0.0002 m? m, By plotting InHO; vs t
(calculated from injector distance and flow rate), a kobs Value of 0.11 s can be calculated.
Figure 6.2 shows an example of the first order rate coefficients measured as a function
of aerosol surface area /m?> m= for (NH4).SO4 at 65 and 73 % RH. The uptake
coefficients of HO> measured for 65 and 73 % RH were 0.037 + 0.008 and
0.010 + 0.002 respectively, in agreement with values measured previously by George
etal., 2013.
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Figure 6.2. First order rate coefficient, k’(s’*) following Brown correction, as a function of aerosol
surface area (m?m-?) for (NH,),SO4 aerosols at 65 % RH (red circles) and 73 % RH (black circles).
Error bars represent 1 . Gradients give yy¢,0f 0.037 + 0.008 for 65 % RH and 0.010 + 0.002for 73
% RH.

Table 6.1 summarises the uptake coefficients measured for (NH4)2SO4 previously.
Taketani et al., 2008 observed higher values of y,,,compared to both this work and
George et al., 2013. This is most likely due to the higher initial concentration of HO>
in this work compared to Taketani et al., 2008. It is also possible that transition metals
could have been a contaminant during Taketani et al., 2008 experiments which would
increase the yy,, significantly. As detailed in Section 1.10.3, George et al., 2013
observed larger yyo,at lower HO2 concentrations on aqueous (NH4)2SO4 aerosols.
Usually it would be expected that the uptake coefficient would be higher for a higher
RH (Taketani et al., 2008;George et al., 2013): this is not observed for the 65 and
73 % RH experiments in this work, due most likely to the increased HO: initial
concentration for the 65 % RH experiment increasing the yyo,. Some studies have
shown however that an increase in water content can have a detrimental effect on
uptake of HO, (Remorov et al., 2002).
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Relative humidity [HO2]initial / Uptake Reference

| % molecule cm coefficient
20 (dry) ~108 0.04 £ 0.02 Taketani et al., 2008
45 (dry) ~108 0.05+0.02 Taketani et al., 2008
21-54 (dry) 1% 10° <0.004 George et al., 2013
45 (agqueous) ~108 0.11+£0.03 Taketani et al., 2008
55 (aqueous) ~108 0.15+£0.03 Taketani et al., 2008
65 (aqueous) ~108 0.17 £ 0.04 Taketani et al., 2008
75 (aqueous) ~108 0.19 £0.04 Taketani et al., 2008
42 (aqueous) 5 x 10%° ~0.1 Thornton and
Abbatt, 2005
55 (aqueous) 1x10° 0.003 + 0.005 George et al., 2013
65-75 (agqueous) 1 x 10° 0.01£0.01 George et al., 2013
65 5.6 x 10° 0.037 £ 0.008 This work
73 3.1x10° 0.010 + 0.002 This work

Table 6.1. Comparison of uptake coefficients of HO, measured on dry and aqueous (NH.)2SO, salt
aerosols at 293 + 2 K.

6.1.2 Uptake of HO2 onto Limonene-derived Secondary Organic Aerosols

As detailed in Section 5, the production of limonene derived secondary organic
aerosols (SOA) using a PAM chamber was characterised. Importantly for this
experiment, two charcoal denuders were placed in series after the PAM chamber to
remove any gas phase limonene and ozone. In contrast to the ammonium salt HO>
uptake experiment, where a clear decrease in the HO signal was observed as the
injector was moved away from the FAGE cell, for the experiments using SOA derived
from limonene ozonolysis, the FAGE signal was observed to increase with increasing
injector distance. This increase in FAGE signal suggests that the interaction between
HO:> and/or OH from the injector and the SOA or any gas phase species present leads

to a net production of HO2 or potentially net production of an RO species that is
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detectable by FAGE. Figure 6.3 shows the experimental signal of HO> for wall loss
decay and ‘decay’ in the presence of SOA.
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Figure 6.3. Comparison of FAGE signals with and without aerosols present. a) shows the HO, decay
signal as injector is pulled back from 30 -70 cm due to wall loss (blue). b) shows the equivalent with
the presence of limonene-derived secondary organic aerosols formed via ozonolysis. Shaded orange
regions show the OH background signal when NO flow and HO- injector lamp is off. Any signal
here is dark counts and laser scatter from 308 nm laser. Shaded red regions show the NO background
when HO- injector lamp is off but NO flow is on at 50 sccm. This is the signal from any interfering
species in the NO gas cylinder, potentially HONO. Ideally this should be as close to OH background
as possible. Blue shaded region shows the laser online signal with NO flow and HO- generation on.
The slight dips in signal when the injector is moved are assumed to be due to a small quantity of lab
air (and therefore trace amounts of NO) being introduced via the injector inlet and decreasing the

HO- concentration within the flow tube.
As seen in Figure 6.3a, in the absence of aerosols, the experiment proceeds as
expected. The OH background (injector lamp on, NO flow off) is low, with little
difference between the OH and NO background counts. The NO background is taken
with the NO flow on at 50 sccm and the injector lamp off. Any signal during this
background is due to contaminants from the NO lines or the NO cylinder. Ideally this
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should be close/ the same as the OH background. On addition of HO> from the injector,
the HO- signal decayed as the injector was pulled back from 30 to 70 cm and HO>
leaving the injector tip had increased time to be lost to the walls of the flow tube
(Figure 6.3a, blue shaded region). The same result was expected with SOA present, as
seen with (NH4)2SO4 aerosols (example in Figure 6.1), namely that kops Was expected
to be larger i.e. kwan<Kaerosol. This was not the case however. As seen in Figure 6.3b
(blue shaded region), when the injector was pulled away from the FAGE cell, and the
residence time of HO: in the flow tube therefore increased, the signal actually
increased in counts suggesting a production of HO2 or production of RO2 which acts

as a HO; interference in FAGE: this signal is hereafter referred to as interference A.

In addition to this, when the injector lamp was turned off but with NO still flowing in
the FAGE fluorescence cell, i.e. no HO2 coming out of the injector, a signal of ~400
counts (12:50-12:53) was present, being independent of injector distance. This signal
was only present when aerosols were present in the flow tube and when NO was added
to the FAGE cell. When only VOC was flowed into the system, i.e. no Oz was present
in the system so reaction of limonene to produce SOA could not happen, this signal
was not present. Hereafter the signal seen when HO- injector lamp is off but NO flow

is on will be referred to as interference B.

6.1.2.1 Characterising the Interference Signal

The interference signals were investigated to determine the source of the interference.
First it was important to check that no OH was present in the system as a bi-product
of water vapour photolysis production of HO: in the injector. A net production of HO:
in the flow tube would be possible if OH was leaving the injector tip, i.e. was not being
lost to the walls of the injector, and therefore would have more time to react with any
VVOC or RO; eventually leading through reaction with species in the flow tube to the
formation of HO. or an RO. which is detected by FAGE as the injector was pulled
back from the cell. The reaction of OH and RO is a relatively new field, with this loss
reaction of ROz being especially important in remote environments when NOy does
not dominate radical loss. Assaf et al., 2016 studied the reaction between CHz0. and
OH using a laser photolysis cell, measuring a rate constant of
(1.60 £ 0.4) x 101% cm® s, The reaction of CH30, and OH has been shown to be fast

and important in the removal of CH30; radicals in the remote boundary layer (Assaf
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etal., 2017). Fittschen et al., 2019 presented experimental and modelling evidence for
ROOOH as a product of the reaction of ROz and OH reaction.

If any OH is leaving the injector tip it will be rapidly lost either through reaction or to
the walls. By moving the injector closer to the FAGE cell, any OH leaving the tip has
less time to be lost and therefore can be measured. When the injector tip is too close
to the FAGE inlet, signal is observed to drop due to lack of mixing time due to the
injector gas flow being perpendicular to the flow tube gas flow and therefore the
pinhole (Lakey et al., 2016). Figure 6.4 shows average signal / counts s as the injector
was moved closer to the FAGE cell with no NO flowing (i.e. no HO. detection) and

injector lamp on.
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Figure 6.4. FAGE OH signal (counts s*) at different injector positions (cm). No NO was present for

this experiment but the injector lamp was on and as such OH but not HO, was measured by the

FAGE cell. Error bars represent lo.

It was concluded that a small concentration of OH formed in the injector through the
photolysis of water vapour was exiting the injector and therefore was present in the
flow tube. This suggested the production of radicals seen when SOA or VOC were
present was due to OH-initiated reactions with increased time for OH + limonene or
OH + ROz reactions in the flow tube to give HO> leading to an increase in signal
(interference A) as the injector was pulled back from the detection cell.
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Following this, it was important to check that limonene was fully removed by the
charcoal denuders placed in-line after the PAM chamber to ascertain if the production
of radicals could be caused by the reaction of limonene + OH from the injector. This
was achieved by removing the two charcoal denuders from the flow after the PAM
chamber thereby allowing limonene to enter the flow tube: this was done without O3
present, so there was no SOA formation. As can be seen in Figure 6.5 (condition 2),
without a denuder in place and with the injector lamp on and NO added to the FAGE
cell, the FAGE signal approximately doubled (to ~ 700 counts) from the equivalent
HO- signal without VOC added to the flow (~400 counts) (condition 1). This is the
production of HO2 and RO, from the reaction of limonene and OH. Interference A is
seen without the denuder present further suggesting the interference is due to the
reaction of limonene + OH. Without the denuders in place RO> + OH could also be a
cause of interference A. However, with the denuders in place, gas phase RO, would
be expected to be lost to the large surface area of charcoal within the denuders. The
inclusion of one denuder reduces the FAGE signal back to ~ 400 counts (condition 3),
showing that limonene was mostly removed by the denuder. However, interference A
is still seen when the injector is pulled back suggesting that trace amounts of limonene
was still present after the denuders. Interference B however, was not present for
conditions 1, 2 or 3 suggesting that limonene does not directly cause interference B. It
is clear, however, that the presence of limonene when the injector lamp is on does lead
to the production of radicals i.e. interference A. It is worth noting however, that this is

only a hypothesis as the concentration of limonene was not measured directly.
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Figure 6.5. Signal time series showing the effect of adding denuder in the series to remove limonene.
Condition 1: No limonene added to flow, the HO; signal, i.e. wall loss decay, decays from ~ 450 —
420 counts when the injector is pulled back from 30 — 70 cm. Condition 2: limonene added to the
flow with no denuder in place. Signal increases to ~720 counts. Production of radicals (interference
A) seen when injector pulled back from 30 — 70 cm in comparison to condition 1. Slight increase in
NO background in comparison to condition 1. Condition 3: Limonene added to the flow, one charcoal
denuder in place. Signal decreases back to approximately counts seen in condition 1. NO background
is the same for condition 2 and 3. Shaded orange regions show OH background when NO flow and
HO; injector lamp was off. Shaded red regions show the NO background when HO- injector lamp is
off but NO flow is on at 50 sccm. Blue shaded region shows the online signal with NO flow and HO;

generation on. Shaded grey region shows laser offline. No Oz was present for this experiment.
Interference B was not seen with only limonene in the flow tube (Figure 6.5,
11:50-15:52), and was only present when SOA was present in the flow tube, though it
was unclear whether the interference was caused by the SOA itself or a product of the
reaction of limonene and ozone. The addition of a HEPA filter (HEPA filter described
fully in Section 3.3.3) allowed any VOC or gas-phase highly oxygenated molecules

formed from the reaction of limonene and ozone, and not removed by the charcoal
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denuders, to be present in the flow tube in the absence of the SOA. This was done to
provide clarification of the source of the interference. Figure 6.6 shows the effect on
the FAGE signal (and on interference B) of removing SOA from the flow using the
HEPA filter.
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Figure 6.6. Comparison of FAGE signal without aerosols present, with SOA removed and with SOA
present. a) shows the HO, wall loss decay signal as injector was pulled back from 30 — 70 cm. b)
shows FAGE signal with SOA removed by HEPA filters vs when SOA is not removed. It is possible
that denuders do not fully remove any gas phase RO, species or other highly oxygenated molecules
and that these could be causing an interference. The shaded orange region shows OH background
when NO flow and HO- injector lamp was off. Shaded red regions show the NO background when
HO; injector lamp is off but NO flow is on at 50 sccm. This is the signal from any contaminants in
the NO lines or cylinder. Ideally this should be as close to OH background as possible. An
interference in NO background is seen however when SOAs are present. Blue shaded region shows
the online signal with NO flow and HO; generation on. Shaded grey region shows laser offline.

As can be seen in Figure 6.6a, with no SOA present, a wall loss decay of HO, was
present as the injector was pulled back from 30-70 cm (~11:37-11:41, blue shaded
region). During a wall loss decay, no limonene or ozone (and therefore no SOA) are
added to the system and therefore interference A is not seen due to limonene + OH

reactions not occurring.
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It is possible that the denuders do not fully remove gas-phase products, e.g. RO2
species, of limonene ozonolysis and that these could be causing an interference. Using
an ozone analyser (Thermo Fischer, model 49i), it was shown that Oz was completely
removed by the denuders (concentration of Oz measured after the denuders did not
increase above the limit of detection of the instrument when O3z was introduced to the
system), with no interference in the FAGE cell seen when only Oz was flowed into the
flow tube. Metts and Batterman, 2006 showed that VOCs like limonene can poison
the activated charcoal leading to a reduction in chemisorption rates of Oz and a
reduction in the Os removal capacity. As such it was important to periodically replace
activated charcoal in denuders to keep O3 removal capacity at a maximum. As shown
in Figure 6.6b, interference B signal is only seen when SOA are present (~400 counts
in Figure 6.6b — 12:23 — 12:25, red shaded region) whereas when SOA is removed by
HEPA filter the interference drops back to ~ 50 counts taken as a constant background
due to contaminants in the NO lines or cylinder (12:11--12:12, red shaded region),
approximately the same as seen when no aerosols are present, i.e. during the wall loss
experiment as shown in Figure 6.6a. However, the production of radicals (interference
A), when the injector is pulled back from 30 — 70 cm, is seen in Figure 6.6b both when
SOA are removed by HEPA (~12:07-12:11,blue shaded region) and when SOA are
present (~12:14-12:20, blue shaded region), as opposed to the wall-loss decay seen for
the wall loss in Figure 6.6a. This suggests that whatever is causing interference B is
SOA related and is different to what is causing interference A, i.e. is not directly
caused by a product of the reaction of limonene + OH. If interference B was caused
by OH reactions with either limonene or an RO: species in the flow tube, the
interference signal should increase when the injector is pulled back. However, as seen
in Figure 6.6b, interference B is constant with injector position suggesting it could be

caused by RO: directly.

The dependence of interference B with the flow of NO added to the fluorescence cell
was characterised to identify if these interference signals were due to HO directly or
the OH which is generated, via HO,, from an RO; interference. RO2 and HO: display
different dependencies with NO concentration due to RO> needing to react with 2 NO
molecules before OH is generated and detected by LIF (Fuchs et al., 2008;Whalley et
al., 2013).

RO, + NO - RO + NO, R1.15
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RO + 0, > R'CHO + HO, R 1.16
HO, + NO - OH + NO, R1.13

Thereby the signal dependence of the generated OH, if due to RO interference and
not direct HO conversion, on NO is expected to be less steep for RO> than for HO-
signal. Figure 6.7 shows the dependence of the OH signal from conversion of HO.,
when the HO- injector lamp and NO flow are on but without SOAs present, and also

the dependence of the interference B signal upon NO flow.
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Figure 6.7. Top panel shows the NO dependence of HO; signal (purple circles) and interference B
signal when SOAs are present (red circles) and the NO flow is on but HO; injector lamp is off i.e.
no HO; generation, between 0-65 sccm. Bottom panel shows the dependence between 0-10 sccm.
Typical experimental NO flow used to convert HO, to OH in detection cell for the uptake of HO-
onto SOA experiments was 50 sccm, cell pressure was 1.3 Torr. Error bars represent 1c.
As seen in Figure 6.7, the signal given by interference B when SOAs are present has
a less steep dependence on NO than the HO> signal without SOAs, providing some
evidence that the interference is due, at least in part, to ROz interference. Without SOA
present, as seen in Figure 6.6b (12:11--12:12, red shaded region), interference B is not
seen, suggesting that RO- interference is caused not by RO in the gas phase which

ought to be removed by the denuder but instead may be desorbing from SOA itself. It
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is unclear if FAGE is detecting gas phase RO that has desorbed off the aerosol surface
or whether the SOA with RO> adsorbed can be detected through reaction with NO in
the cell to generate gas phase OH, which is then detected.

Gong et al., 2018 quantitively measured H20. generation from SOA produced in
limonene ozonolysis, with peroxides in both the gaseous and particle phases detected
(Gong et al., 2018). However, HO, and ROz radicals were not directly measured, either
in the gas phase or the aerosol phase. A study by Tong et al., 2016 found that ambient
and laboratory generated SOAs (a-pinene ,B-pinene and limonene derived SOA
formed from ozonolysis) form substantial amounts of OH radicals upon interaction
with liquid water, hypothesizing that these OH radicals could then trigger autoxidation

in the condensed phase.

Limonene and ozone react in the gas phase to give highly oxygenated molecules
(HOMs) which are key components of SOA. Within the PAM chamber limonene will
react with Oz to give RO2’s, HOMs and extremely low volatility compounds (ELVOC)
which then partition into the aerosol phase. ELVOC are thought to aid new particle
formation and consist of organic molecules with low enough volatility to condense
into the particle phase. Once particles are formed, condensation of further ELVVOC can
grow the aerosols leading to highly oxidised aerosols including RO species (Tu et al.,
2016). Limonene has been experimentally shown, in comparison to isoprene,
a-pinene, B-pinene and myrcene, to produce very high concentrations of ELVOC for
a given concentration of reacted alkene with total molar yield of ELVOC from
limonene from reaction with Oz being 5.3 compared to 0.01, 3.4, 0.12 and 0.47 from

isoprene, a-pinene, B-pinene and myrcene respectively (Jokinen et al., 2015).

In the flow tube, any gas phase ROz species which pass through the denuders may then
react with HO> from the injector to form other peroxy radicals, which can then also
react with HO2. However, the lack of interference B when SOAs are removed but gas
phase products of limonene and ozone reaction are present (Figure 6.6) suggests that
RO:2 species responsible for interference B are chiefly coming off aerosol surfaces
after the denuders as these species would usually be expected to be removed by the
denuders. As the aerosols increase in size due to exposure to O3z leading to
functionalisation, fragmentation can begin to occur leading to higher volatility
compounds partitioning back into the gas phase (Jokinen et al., 2015). It is therefore

182



possible that larger aerosols in the flow tube are fragmenting leading to interference
B.

Day to day, the magnitude of the interference B varied which we postulated may be
due to changing conditions of the PAM chamber over the course of several
experiments — for example aged species may build up and then evaporate from the
PAM chamber walls. Aged aerosols, which have been exposed to VOC and O3 for
longer, are expected to be more oxidised with a higher mass concentration (Lambe et
al., 2012;Jokinen et al., 2015;Tu et al., 2016). Tu et al., 2016 reported that aged SOA
samples showed new HOMs formation with higher carbon number (i.e. large aerosols)

than those from fresh SOA sample.

To test the hypothesis that interference B was caused by aged aerosols, the PAM
chamber was “cleaned” by turning on the four 254 nm lamps in the chamber to form
OH from the Os generated with the mercury penray 185 nm lamp situated before the
chamber. The PAM chamber was then monitored (by the SMPS) as any products were
“baked off” the walls. The PAM chamber was deemed ‘“clean” when SOA
concentrations reached a negligibly low concentrations (as monitored by the SMPS).
The FAGE signal with NO added and injector lamp on (interference A), and the
interference B signal with SOA present was then compared to the signal before

cleaning, as shown in Figure 6.8.
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Figure 6.8. Comparison of FAGE signal a) before “cleaning” PAM chamber and b) after “cleaning”
PAM chamber. Blue shaded regions show the online signal with NO flow and HO, generation on
with injector pulled back from 30 — 70 cm. In both a) and b) a production signal is seen where a
decay would be expected (interference A). Shaded red regions show the NO background when HO;
injector lamp is off but NO flow is on at 50 sccm (interference B). This signal is should be ~5-10
counts mW? s however interference B, present only when SOAs are present, is artificially
increasing this background. This interference is lower in b) after the PAM chamber was cleaned.
Interference A (shaded in blue) with NO and injector lamp on was also lower in counts after the
PAM chamber was cleaned.
From Figure 6.8, it can be seen that reacting off (via the cleaning process) any
unreacted limonene, or products adsorbed to the PAM chamber walls, by introducing
oxidants but no additional limonene to the chamber, reduces interference B suggesting
that the interference is caused by aged products, either from the walls of the chamber
or coming off the aerosols. Throughout the day, it was observed that interference B
increased with time, as shown in Figure 6.9, further reinforcing the hypothesis that
aged aerosols/gas phase products are the cause of the interference.
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Figure 6.9. Increase in interference B signal throughout an experimental day providing strong
evidence that interference is due to a build up/aging of products in the PAM chamber.

6.1.3 Using a GC Trap to Remove Interference

The addition of a packed hydrocarbon GC trap (Agilent in-line gas purifier, BHT-4,
250 psig max. pressure, 8 Ipm max flow) after the first charcoal denuder decreased
both interferences A and B and allowed a decay of HO> to be seen with SOA present
when the injector was pulled back. Due to the high pressure nature of GC analysis, the
trap was packed tightly which introduced a large flow restriction into the system
meaning this was not an ideal long term solution to remove any interfering species due
to the risk associated with a build up of pressure. If interference A and B can be
removed in a similar manner to the tightly-packed GC trap, without the associated
pressure risk, HO uptake experiments onto SOA could be more readily performed in
the future. Figure 6.10 shows example HO> decays for HO. uptake experiments with
the GC trap in series showing the increase in loss of HO2 when aerosols are present.
Figure 6.11 shows the plot of first order rate coefficient, £, after the Brown correction,
versus the aerosol surface area (m? m=) for the experiment at 58 % RH. This work is
preliminary and should be redone in the future to increase the quality of the data once

all interferences are understood and removed/accounted for.
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Figure 6.11. First order rate coefficient, £’ (s), after the Brown correction, plotted against aerosol
surface area (m? m-3) for limonene-derived secondary organic aerosols formed by reaction with Os.
RH = 58%. Uptake coefficient of HO, of 0.15 + 0.03 calculated from the gradient. Error bars

represent 1 c.
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Two experiments were done with a GC trap and one charcoal denuder in series at 22
and 58 % RH, giving uptake coefficient values of 0.10 £ 0.03 and 0.15 £ 0.03,
respectively. These uptake coefficients are higher than expected for aerosols without
the presence of transition metal ions. It is therefore worth noting that even though both
interference A and B were visibly reduced significantly, and therefore the GC trap was
effective in removing any limonene or RO species to a certain level, it is not possible
to know for certain from these experiments if any interfering species was still present

in the flow tube.

These results are preliminary. Future work will include more research into removal of
hydrocarbons prior to the aerosol flow tube using denuder or other types or traps, in
order to be certain that all interfering species have been removed from the flow and
the decays seen are due only to loss of HO> to aerosol and wall surfaces and not due
to any interfering species which could artificially slow a decay or even lead to a
production of HO2 with injector distance being seen. For future experiments, CO could
be added to the injector flow to react away any OH to give HO thereby removing the
uncertain background signal associated with the formation of products from the
reaction of OH with VOCs.

6.2 Summary

The HO> uptake system was built and validated for the measurement of uptake onto
aerosols surfaces. The uptake of HO onto limonene-derived SOA was measured with
an interference seen (interference B), which is postulated to be due to RO species
coming off the SOA surface after the charcoal denuders. OH radicals were found to
be exiting the injector at trace levels leading to production of radicals as the injector
was pulled away from the FAGE cell through the reaction with trace levels of
limonene in the system. It was observed that aged aerosols appear to increase
interference B, due mostly likely to aged aerosols being larger in size and more
oxidised and thereby increasing likely to fragment to give smaller oxidised molecule
leading potentially to gas phase RO species in the flow tube. Installing a GC
hydrocarbon trap after the denuders significantly removed the interference seen and
allowed a decay of HO: to be seen in the presence of aerosols and an uptake coefficient
to be measured: ypo,= 0.10 + 0.03 at 22 % RH and y0,= 0.15 + 0.03 at 58 % RH.

Future work would include further studies into the source of the interference caused,
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most likely indirectly, by SOA before additional experiments into the RH dependency
of limonene-derived SOA can be done. It is also worth investigating whether other,
less reactive, VOCs produce an interference in the system upon ozonolysis, or whether
using OH or NOs as an oxidant to generate SOA may lead to a reduction in said

interference.
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7 Modelling the impact of HO, Uptake onto Aerosols
During Summertime in Beijing with the Master
Chemical Mechanism

In this chapter measurements of OH, HO2 and RO taken during the summer APHH
programme in Beijing in 2017 will be compared to modelled radical concentrations
with particular focus on the impact of HO> aerosol uptake on the modelled HO> radical

concentration.

7.1 Introduction to the Summer AIRPRO Campaign

The Air Pollution and Human Health (APHH) in a Chinese Megacity programme was
a joint venture between UK and Chinese universities and institutes funded by the
Natural Environment Research Council (NERC), the Medical Research Council
(MRC) and the National Natural Science Foundation of China (NSFC) which aimed

to better understand the sources and health impacts of air pollutants in Beijing.

The APHH programme was split into five different projects: AIRPOLL (sources and
emissions of AIR POLLutant in Beijing), AIRPRO (An integrated study of AIR
pollution PROcesses in Beijing), APIC-ESTEE (Air Pollution Impacts of
Cardiopulmonary disease in Beijing: an integrated study of Exposure Science,
Toxicogenomics and Environmental Epidemiology), AIRLESS (effects of AIR
pollution on cardiopulmonary disease in urban and peri-urban residents in Beijing)
and INHANCE (Integrated assessment of the emission-health-socioeconomic nexus
and air pollution mitigation solutions and interventions in Beijing), each with different
aims. The University of Leeds took part in the AIRPRO (The integrated study of AIR
pollution PROcesses in Beijing) project within the APHH programme.

The AIRPRO project aimed to study the chemical and physical processes governing
gas and particle pollution and meteorological dynamics in the Beijing region and the
links between the two. The AIRPRO project included the measurement of primary gas
phase emissions, gas phase radicals and secondary products and particulate matter
over two field campaigns: one in Nov-Dec of 2016 and the other from May-June of
2017. The project allowed the comparison of in situ chemical processing of air
pollution in the winter and summer periods in Beijing. The AIRPRO project was

separated into seven different sections: oxidation chemistry; nitrogen budgets; aerosol
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optical and physical properties; secondary aerosols; meteorology; the link between

haze, photochemistry and dynamics and modelling at multiple scales (Shi et al., 2019).

The measurements made by the Leeds group as part of the APHH programme are as
follows: OH, HO,, RO, (with some speciation), OH reactivity (kOH), HCHO and
photolysis rates. The official science period for the summer campaign ran from
23/05/2017 to the 22/06/2017, with radical measurements being taken throughout this
entire period. (Shi et al., 2019;Slater, 2020). Alongside the Leeds observation of OH,
HO2, RO2, OH reactivity (kOH), HCHO and photolysis rates, there was a varied suite
of supporting measurements operated by several universities and institutes (full details
in Slater, 2020). The supporting measurements used and discussed chiefly in this
chapter were provided by the Universities of York, Birmingham and Cambridge as
detailed in Table 7.1.
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Instrument Species measured University Reference
FAGE OH, HO,, RO, Leeds Whalley et al., 2010;Slater
et al., 2020;Whalley et al.,
2021
OH reactivity OH reactivity Leeds Stone et al., 2016;Slater et
al., 2020;Whalley et al.,
2021
Spectral Photolysis rates Leeds Bohn et al., 2016
Radiometer
Filter Radiometer j(O'D) Leeds Whalley et al., 2010
Teledyne CAPS NO; York Smith et al., 2017
TEI 42¢ Total NOy York Smith et al., 2017
TEI 49i O3 York Smith et al., 2017
Sensor box CO York Smith et al., 2017
DC-GC_FID C,-C7 VOCs and 0VOCs York Hopkins et al., 2011
GCxGC-FID Ce-C13 VOCs and o0VOCs York Dunmore et al., 2015
BBCEAS HONO Cambridge Le Breton et al., 2014
TEI 42i NO Birmingham
LOPAP HONO Birmingham Crilley et al., 2016
SMPS Particle Size distribution Birmingham Shietal., 1999
High volume PMg s filter samples, IAP
sampler Aerosol copper

Table 7.1. Measurements taken by different universities during the Beijing Summer AIRPRO
campaign. These species are directly referred to in this chapter: full description of every instrument and
measurement taken can be found in Slater, 2020. IAP: Institute of Atmospheric Physics, Beijing. ICP-
MS: Inductively Coupled Plasma Mass Spectrometry. Time resolution of all instruments was averaged
up to or interpolated to 15 minutes for modelling purposes with the exception of the PM s filter samples,

of which there was only 1 sample taken a day.
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The average diurnals for important gas phase species and j(O'D) during the Summer
AIRPRO campaign are shown in Figure 7.1. The j(O'D) shows a peak at solar noon
peaking at 2.5 x 10° s’ The diurnal variation in NO is very distinct with a peak at
rush hour (~08:00) of ~8 ppbv. After the morning peak in NO, NO continued to
decrease to a minimum in the afternoon of 0.3 ppbv. Low NO values observed in the
afternoon were a result of very high Os values in the afternoon, due to the titration of
NO + Oz to give NO2. Os diurnal peaked at 89 ppbv at 15:30, with a minimum of
14 ppbv observed in the morning when NO is high due to traffic. CO does not have a
distinct diurnal trend with an average of ~ 460 ppbv over the day. Oz and NO> diurnals
show an anti-correlation with NO. peaking at ~32 ppbv at 06:30 when Os is at its
lowest. As expected, HONO is high in the morning due to accumulation overnight,
peaking before 07:30 at ~ 7 ppbv, after which HONO is lost to photolysis to give OH
+ NO. The results of modelling OH, HO, and RO for the summer campaign period
and the comparison to the measurements, with a focus on the impact of aerosol uptake,

are presented in this chapter.
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Figure 7.1. Average median diurnal profile for measurements of j(O'D) (s), Oz (ppbv), HONO
(ppbv), NO (ppbv), NO2 (ppbv) and CO (ppbv) for the Summer AIRPRO campaign. The dashed
lines represent the 25/75™ percentiles. Diurnals show 60 minute averages, taken over the entire

measurement period.

7.2 Model Description

In this chapter the measured radical concentrations have been compared to modelled

concentrations with a focus on HO: concentration and the effect on radical

concentrations of adding HO> uptake onto aerosols. The modelled predictions are

given by a zero-dimensional box model which uses the Master Chemical Mechanism,

MCM v.3.3.1, as described in Section 1.10.1. The model was constrained to
measurements of NO, NO», Oz, CO, HCHO, HNO3, HONO, H.O vapour, temperature,
pressure, j(O'D), j(HONO), j(NO2), j(CINO,), j(HOCI),j(CIONO;) and specific VOC
species measured using GC-FID (gas chromatography with flame ionisation) and

PTR-ToF-MS (proton-transfer reaction time of flight mass spectrometry). The full list

of all species constrained in the model is shown in Table 7.2 below:
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Type Species

Gas-phase NO, NOg, O3, CO, HNO3s, HONO, H:0, SO, CINO2, HOCI

inorganic species

Gas-phase HCHO, PAN

organic species

VOCs CHys, C2Hs, C2H4, CsHs, C3Hs, isobutane, butane, C2Hy, trans-
but-2-ene, but-1ene, Isobutene, cis-but-2-ene, 2-
Methylbutane, pentane, acetone, 1,3-butadiene, trans-2-
pentene, cis-2- pentene, 2-methylpetane, 3-methypetane,
hexane, isoprene, heptane, benzene, toluene, nonane, decane,
undecane, dodecane, o-xylene, CH3sOH, CH3OCHjs, 2-
ethyltoluene, 3-ethyltoluene, 4-ethyltoluene, ethylbenzene,
CH3CHO, C2HsOH, a-pinene, limonene, isopropylbenzene,
propylbenzene, m-xylene, p-xylene, 1,2,3-trimethylbenzene,
1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene.

Photolysis rates j(O'D), j(HONO), j(NO2), j(CINO2), j(HOCI),j(CIONO2)

Other Mixing height, aerosol surface area

Table 7.2 Full description of measured species for Summer AIRPRO campaign, added to constrain the
model

The model inputs were entered for every 15 minutes of the entire campaign, with
species measured at higher time resolution averaged up to 15 minutes and those at
lower time resolution interpolated to give a value every 15 minutes. Aerosol surface
area was included at a time resolution of 15 minutes within the models however for
YHo,Calculated with the Song parameterisation, introduced and further discussed in
Section 7.3.3, aerosol copper concentration and PM2s mass concentration were given
in at a time resolution of 1 day: all other measured values in the parameterisation were
therefore averaged up to this resolution. This meant that y,,,was calculated at a time

resolution of 1 day also.
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The different model scenarios referred to in this work are described in full below:

1. MCM_base: The base model run constrained to the species described in Table
7.2.

2. MCM _apinene: The MCM base model with an additional reaction
converting OH into a-pinene-RO; at a rate equal to the product of the missing
OH reactivity in the model and the OH concentration (Kmissing[OH]) (Whalley
etal., 2021).

3. MCM _apinene_SA: This model scenario is the same as MCM_apinene with
an uptake coefficient, yy,,, of 0.2 added for HO2 onto aerosols, as suggested
by Jacob, 2000.

4. MCM_apinene_gamma: This model scenario is the same as MCM_apinene
with an uptake coefficient for HO> onto aerosols calculated from the new
parameterisation developed by Song et al., 2020. For summer the average
uptake coefficient was 0.070 £ 0.035.

7.3 Modelling Results

7.3.1 MCM-base vs MCM_apinene model
The MCM _base model outputs for OH, HO> and sum of RO> are shown as average
diurnal profile and compared with the measured diurnal concentrations in Figure 7.2.
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Figure 7.2. Average median diurnal for (a) measured (black) and modelled (blue) OH radical
concentrations, (b) measured (black) and modelled (red) HO; radical concentrations, and (c)
measured (black) and modelled (green) total RO- radical concentrations. All model outputs shown
are for MCM-base runs. 25"/75™ percentiles in measured concentrations shown as shaded regions.
Diurnals show 60 minute averages, taken over the entire measurement period.
Figure 7.2 shows that while the model can replicate the trend in measured OH, HO>
and ROz well, HO: is, on average, over-predicted while RO is under-predicted. The
model, on average, predicts daytime OH very well, with a slight under-prediction
between 08:00-11:00 which coincides with higher NO emissions due to morning
traffic. The night-time concentration of OH is under-predicted while the night-time
concentration of HO; is reproduced better by the model. Day-time HO is over-
predicted by the base model by up to a factor of ~ 2.9 seen at the peak of the diurnal
at ~14:30. In comparison, daytime RO concentration is under-predicted up to a factor
of 7.5 by the model with an average under-prediction of ~2.7 seen at the peak of the
diel at ~14:30. This larger average under-prediction of ROz over the day compared to
the peak of the diurnal is due to a very large under-prediction by the base model
between ~6:30-10:30 when NO is at its highest (Whalley et al., 2021). Although the

model is able to reproduce the measured OH concentrations reasonably well, the
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inability of the model to reproduce both HO, and RO> suggests that the model is
missing several key reactions. A budget analysis, in which the rates of production and
destruction of radicals are compared, performed by Whalley et al., 2021 highlighted a
missing OH source, resulting from the OH sinks exceeded the OH sources, which
could account for some of the over-prediction in HO2, as well as a missing RO>
production reaction which could explain the under-prediction of RO, by the MCM-
base model. It was also proposed that HO: is, in general, over-predicted due to an
under-prediction in the rate of reaction of RO, with NO to produce a different ROz,
RO2+NO—RO>’, which leads to termination and competes with the reaction of
RO,—RO—HO.. This suggests that the lifetime of RO is longer than considered in
the model and this could explain the high measured concentrations of RO; in
comparison to the model. This over-prediction in HO> could also be due to the lack of
autoxidation pathways of RO included within the MCM. These autoxidation
pathways lead to the formation of highly oxygenated molecules (HOMs) rather than
HO2 (Whalley et al., 2021).

Due to the recycling of RO, to HO, and then to OH by NO, strong dependences of
radicals on the concentration of NO have been seen for previous campaigns (Tan et
al., 2018;Whalley et al., 2018;Slater et al., 2020;Whalley et al., 2021). The ratio of
measured to modelled OH, HO. and ROz binned against NO mixing ratio in ppb is
shown in Figure 7.3.
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Figure 7.3. The ratio of measured/modelled for MCM_base for a) OH (blue), b) HO; (red) and c)
RO- (green) binned over the range of NO concentrations for the Summer AIRPRO campaign. Solid
lines show the median average radical concentrations while dashed lines show the 25%/75%
percentile.
Across the range of NO concentrations observed over the summer AIRPRO campaign,
the OH measured/modelled ratio is close to 1 between ~0.3-2 ppb with the model
beginning to slightly under-predict OH both at <0.3 ppb and 2 ppb and above. In
contrast, the model over-predicts HO> at the lowest NO mixing ratios, below ~1 ppb
NO. Above ~ 4 ppb NO, HO: is under-predicted. The measured:modelled ratio for
ROz shows a large under-prediction of RO across all NO mixing ratios observed
during the campaign, with the under-prediction at its largest at higher NO mixing
ratios. This is likely to be what is causing the model to under-predict HO> at higher

NO mixing ratios due to an under-estimation of the rate of propagation of RO2 to HO..
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For the purposes of this chapter, an additional reaction was added into the MCM _base
model to account for the missing reactivity and to increase the modelled RO;

concentration.

7.3.1.1 Addition of Missing OH Reactivity

During the Summer campaign, missing reactivity of OH reached up to 13 s™*. During
this period of high missing OH reactivity (15-22 June 2017), isoprene concentrations
were also high (reaching up to a few ppbv Whalley et al., 2021) relative to the rest of
the measurement period suggesting increased biogenic VOCs contribute more to the
OH reactivity than previously taken into account (Whalley et al., 2021). In Whalley et
al., 2021, to explore this, a species was added to react with OH with a rate equal to the
missing reactivity to form different peroxy radical species. Adding in OH—CH30.,
taking methylperoxy as a proxy RO> product for simple RO radical chemistry, led to
an increase in modelled HO2 compared to the base model due to the rapid propagation
of ROz to HO». As such, RO, was more well represented by the model, but HO, was
even more over-predicted and OH was under-predicted due potentially to a missing
HO> + X reaction, with X being an species reacting like NO, but not NO, to remove
HO; to form OH. The addition of an OH-+a-pinene reaction however increased the
modelled RO, concentration, and led to a decrease in the modelled HO2> over-
prediction. This is thought to be due to lack of understanding of the propagation of
larger, complex RO species to give HO2 and the competition of this reaction with
RO auto-oxidation reactions leading to termination (Whalley et al., 2021). A
simplified mechanism for the oxidation of VOCs, like a-pinene, to give RO2 and RO

species is shown in Figure 7.4.
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Figure 7.4. Simplified mechanism of the oxidation of VOCs. Figure reproduced from Kroll and
Seinfeld, 2008.
In order to study the effect of HO, uptake on modelled HO2 concentration, it was
postulated that MCM_apinene was a good starting point due to modelled HO> and
modelled RO2 both being more accurately represented than in MCM_base. For
MCM _apinene, an additional reaction converting OH into a-pinene-RO; at a rate
equal to the product of the missing reactivity in the model and the OH concentration
(kmissing[OH]) was included. The average diurnals for measured OH, HO, and RO; are
shown in comparison to MCM_base and MCM-apinene modelled OH, HO; and RO>

concentrations in Figure 7.5.
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Figure 7.5. Average diurnal comparison of measured and modelled (a) OH, (b) HO; and (c) RO-

values from both the MCM_base (light blue) and MCM_apinene (dark blue) models. The diurnals

show 60 minute averages, taken over the entire measurement period.
As expected, adding in the reaction of OH—a-pinene-RO-, led to a decrease in
modelled daytime OH concentration with the biggest under-prediction compared to
measured OH of a factor of ~2 at between 12-14:30. Additionally, this added source
of a-pinene ROz into the model increased the modelled RO, concentration, thereby
decreasing the under-prediction in RO> to a factor of ~1.2 at the 15:00 peak, with an
average under-prediction over the day (between 06:00-18:30) of ~2. The modelled
HO. concentration decreased for the MCM-apinene model leading to an over-
prediction of the measured HO2 concentration by a factor of ~2 at 14:30, as opposed
to an over-prediction of ~2.9 for the MCM_base model at the same midday peak. This
is potentially due to an increase in the rate of RO2 + NO reactions to give a different
ROz species, RO2’, competing with RO>—RO—HO:? leading to a decrease in the over-

prediction of HO..
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To compare the effect of including additional OH reactivity on OH, HO, and RO
radicals under different NO conditions, the measured to modelled ratios for

MCM_base and MCM_apinene were binned against NO as shown in Figure 7.6.
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Figure 7.6. The ratio of measured/modelled a) OH, b) HO, and c) RO, for MCM-base (light blue)
and MCM-apinene (dark blue) models binned over the range of NO concentrations for the Summer
AIRPRO campaign. Solid lines show the median average radical concentrations while dashed lines
show the 25%/75" percentile.
Adding an additional loss of OH in MCM _apinene led to an under-prediction of OH
for all NO concentrations with respect to the MCM_base. With the addition of a
reaction to form a-pinene RO; species, the HO2 concentration at low NO, below
~1.5 ppb, is less over-predicted than for MCM_base due to RO reacting to form other
RO2 species in addition to reacting to form HO. This is because a-pinene RO> reacting
to give HO> is included as a 4 step process within the model to elongate the lifetime
of RO, in-comparison to simpler RO> species such as CHzO2 which preferentially
forms HO- from RO, so there is competition at low NO between RO>,—RO—diff RO>
and RO,—RO—HO> (Whalley et al., 2021).
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Both MCM _base and MCM _apinene over-predict HO2 over nearly the entire range of
NO values with both models beginning to under-predict HO at ~1.5 ppb NO, however
MCM _ apinene over-predicts HO> less above and ~1.5 ppb NO and over-predicts HO>
less below ~1.5 ppb NO. Like HO2, RO2 was uniformly effected across the entire range
of NO concentrations with the under-prediction in RO2 decreasing significantly with
the additional RO> source added.

7.3.2 Impact of HO2 uptake to Aerosols

During the Summer AIRPRO campaign, particulate matter (PM) concentrations were
much lower than those seen in the Winter campaign (Slater et al., 2020;Whalley et al.,
2021). During the Winter AIRPRO campaign in Nov-Dec 2016. PM2 s concentrations
reached up to 530 pug m= (Slater et al., 2020) with multiple haze periods identified for
the Winter campaign (a haze period being defined as PMzs > 75 pug m?®). In
comparison, the majority of the Summer Beijing campaign occurred during a non-haze
period, with PM2s concentrations only exceeding 75 pg m™ on 6 days (28/05/2017,
31/05/2017, 05/06/2017, 07/06/2017, 17/06/2017 and 18/06/2017). Within the
models, aerosol surface area was used at a time resolution of 15 minutes. PM2.s mass
concentration data was only available at a time resolution of one day. The average
median diurnal of PM2s surface area is shown in Figure 7.7. No strong diurnal trend
was seen with an average value across the campaign of 5.5 x 10 cm? cm3, with a

maximum surface area reached during the summer campaign of 2.5x10° cm?cm,
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Figure 7.7. Average median diurnal of aerosol surface area (cm? cm®) for summer AIRPRO

campaign. Averaged up to 15 mins.
As discussed in Section 7.3.1, the MCM_base model over-predicts HO, concentration
by a factor of ~2.9 averaged over all NOx concentrations. With the addition of an
additional reaction to convert OH into a-pinene in MCM _apinene, the over-prediction
of HO2 was decreased to ~2.2. In urban, highly polluted areas such as Chinese
megacities with large aerosol surfaces areas due to high concentrations of air
pollutants which are the precursors to aerosol formation, HO> uptake onto aerosols
could potentially be an important loss of HO. (Mao et al., 2013). As such, the uptake
coefficient of 0.2 was added into the MCM_apinene model, with the new model
referred to as MCM_apinene_SA. As discussed in Section 1.10.3, an uptake
coefficient of 0.2 has previously been used in many global modelling studies, as
recommended by Jacob, 2000. A full explanation of the previously used uptake

coefficients in modelling studies can be found in Section 1.10.3.

The comparison of modelled and measured radical concentrations for MCM_apinene
and MCM_apinene SA is shown in Figure 7.8.

204



10X106 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 1 1 1
a)

OH/cm™
L1l l 111 l L1l l 1Lt | 151
| & 3 l | 7 B ] [ L I & B | T

o N b~ O ©

=]

5x10

N W s
[FTETI EETY FARU AN ERA ANET!

HO, /cm™

-

o

c)

00_ T T T T T

T T T T T T T T T T T T T T T T T T

06:00 12:00 18:00
Time of Day

—— Measured — MCM_apinene —— MCM_apinene_SA

Figure 7.8. Average median diurnal comparison between measured and modelled OH, HO, and RO;

values from both the MCM_apinene (blue) and MCM_apinene_SA (orange). All diurnals averaged

at a time resolution of 60 minutes. 251/75™ percentile shown as dashed lines.
The median diurnal shows that, on average, the RO concentration was not
significantly affected by the addition of HO2 uptake across the Summer Beijing
campaign. The average median HO. concentration at the 14:30 peak decreases with
the addition of HO, uptake as expected with the model overestimation of HO>
compared to measured concentration decreasing from a factor of ~2.2 for
MCM_apinene to ~2.1 for MCM_apinene_SA. The under-prediction of modelled OH
concentration increased slightly from ~2 for MCM_apinene to by a factor of ~2.1 at
the 12:00 peak for MCM_apinene.

To compare the effect of adding HO. uptake with a fixed single uptake coefficient of
0.2 into the model on OH, HO> and RO- radicals under different NO conditions the
measured to modelled ratios for MCM-base and MCM-SA were binned against NO

as shown in Figure 7.9.
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Figure 7.9. The ratio of measured/modelled a) OH, b) HO; and ¢) RO, for MCM_apinene (blue)
and MCM _apinene_SA (orange) models binned over the range of NO concentrations for the Summer
AIRPRO campaign. Solid lines show the median average radical concentrations while dashed lines
show the 25%/75t" percentile.
As shown in Figure 7.9, the addition of y,,= 0.2 in MCM_apinene_SA has little
effect on the concentration of OH, HO2 and RO> above ~3 ppb. The biggest difference
in measured/modelled for HO. and RO- can be seen below ~1 ppb NO , below ~2 ppb
NO for OH. Modelled OH is under-predicted across the entire range of NO
concentrations with respect to the measured OH concentrations for both
MCM _apinene and MCM_apinene_SA with further under-prediction by
MCM _apinene_SA model below ~3 ppb NO. While MCM_apinene over-predicts
HO below ~1.5 pbb NO beginning to under-predict HO, at above ~1.5 ppb NO,
MCM _ apinene_SA under-predicts HO, below ~0.3 ppb NO as well as above
~1.5 ppb. At the lowest NO concentration where the lifetime of HO: is longer, the

measured/modelled ratio for HO. increases from 0.71, an over-prediction of HO, to
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1.14, a slight under-prediction of HO, with the addition of y,,= 0.2, a significant
change. The modelled RO; concentration is not affected by the addition of an uptake
coefficient of 0.2 for HO, above ~0.7 ppb NO. Below this, MCM_apinene_SA
underpredicts RO> slightly more. At the lowest NO concentration, RO2 under-

prediction increases from 1.08 for MCM _ apinene to 1.16 for MCM_apinene_SA.

7.3.2.1 Rate of Destruction Analysis: Effect of HO2 uptake on the HO2 Loss
Pathways within the Models Using y o, = 0. 2.

A Rate of Destruction Analysis (RODA\) is done to determine the main loss processes
of a chosen radical. A RODA was done for the MCM_apinene model with the main
loss pathways of HO> being HO2 + O3z, HO2 + OH, HO- self-reaction, HO2 + RO, net
HO2 + NO2 (HO2 + NO2=2HO:NO2), HO> + NO and HO: uptake (for the
MCM _apinene_SA model). The dominant loss pathway of HO, in MCM_apinene
was HO2 + NO (89 £ 15 %), followed by HO2 + RO2 (6.9 + 11 %). The RODA of HO>

for MCM_apinene (no heterogeneous uptake) is shown in Figure 7.10.
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Figure 7.10. Rate of destruction analysis (RODA) showing the dominant loss pathways of HO,

within MCM_apinene shown as a) a diurnal variation and b) as a function of NO concentration (as

a log plot) for the whole 24 hours a day.

As shown in Figure 7.10b, with decreasing NO concentration, the importance of other

loss pathways, other than HO2>+NO, increases. NO concentration peaked in the

morning due to rush hour traffic then decreased across the remainder of the day, as

shown in Figure 7.1. At the lowest NO concentration, i.e. <0.1 ppb NO, the most
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important loss pathways are HO2 + NO (54 + 19 %), HO2 + RO2 (31 = 19 %) and HO-
+ 03 (9.1 + 3.6 %). It is worth noting that as NO concentration decreases the fraction
of HO, removal via HO + O3 reaction increases, suggesting the reaction of Oz + HO:
may be important to consider with NOx pollution in China decreasing: this is due to
the titration reaction of Os + NO, meaning that under lower NOx conditions the O3
levels will be higher. The loss pathways of HO> are compared for low NO (<0.1 ppb)
and higher NO (>10 ppb) in Table 7.3.

HO2+03 HO2+OH HO2+HO:? HO2+RO:2 Net HO2+NO2 HO2+NO

Average for 9.1+3.6 0.07 £ 0.05 27%£19 31+19 26+31 54 +19
<0.1 ppb NO

Average for 0.01+ 0.004 = 0.001 = 0.009 = 0.08 £0.14 99+0.2
>10 ppb NO 0.02 0.007 0.002 0.018

Table 7.3. Average fractional contribution (%) of individual HO- loss pathways to total HO; loss in
MCM_apinene.

For the Summer Beijing Campaign, no strong correlation between PMz s and NOx was
seen. This was not true for the winter Beijing AIRPRO campaign when a strong
correlation between PM2s and NO was seen due to the presence of haze events (Slater
et al., 2020) A correlation plot between aerosol surface area (cm? cm™) and NOx

mixing ratio is shown in Figure 7.11.
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Figure 7.11. Correlation plot of aerosol surface area (cm? cm) against NO, (orange) and NO (red)
for the Summer Beijing Campaign.
A RODA analysis was then performed with the MCM_apinene_SA model to
determine the effect adding HO> uptake has on the loss pathways of HO., shown in
Figure 7.12. As with the MCM_apinene model RODA shown in Figure 7.10, the
dominant loss pathway was HO2 + NO for all NO concentrations during the Summer
AIRPRO campaign.
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Figure 7.12. Rate of destruction analysis (RODA) showing the dominant loss pathways of HO»
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(as a log plot) for the whole 24 hours a day. Median removal of HO, by uptake (%) as a function of
NO / ppb is also shown as solid black line, with 25"/75™ percentile shown as the black dashed lines.

Maximum percentage removal by uptake is shown as an orange dashed line.

The contribution of HO> uptake to overall HO. removal increases with decreasing NO

concentration, as do all other loss pathways with HO» uptake contributing 28 + 23 %
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on average below 0.1 ppb NO. The percentage contribution of the various loss
pathways of HO> at low and high NO in the MCM_apinene_SA are shown in Table
7.4,

HO,+03 HO,+OH HO,+HO, HO,+RO, Net HO,+NO, HO,+NO Uptake

Average for 6.6+3.1 0.05%0.05 14+12 21+14 16+21 42 +23 28 £23
<0.1 ppb
NO

Percentage -27.4 -28.7 -48.2 -32.3 -38.5 -22.2
change for

<0.1 ppb

NO (%)?

Average for 0.01+ 0.004 + 0.001 + 0.009 + 0.08 +0.14 99+0.3 0.29 +
>10 ppb NO 0.02 0.007 0.002 0.017 0.24

Percentage <1 <1 <1 <1 <1 <1
change for
<10 ppb NO

(%)

Table 7.4. Average contribution (%) of individual HO, loss pathways to total HO, loss in
MCM_apinene_SA. ®The percentage change is normalised to the original MCM_apinene model
contribution for each pathway. Above 10 ppb NO, HO; + NO loss pathway dominates and so the
addition of HO; uptake is not significant.

Addition of HO. uptake has the most effect on the relative importance of the
HO. + HO. and net HO2 + NO: loss pathways for low NO environment, with the
percentage contribution of HO2 + HO> decreasing by 48 %, and the contribution of net
HO2 + NO2 decreasing by 38.5 %. Because both of these pathways have a much lower
contribution to the total loss of HO2, with HO> self-reaction only contributing 1.4 %
and HO2 + NO- only contributing 1.6 %, the decrease in the HO, + RO loss reaction,
by a factor of 0.68 (32 %), with the addition of HO uptake is more noteworthy.

For aerosol loss using an uptake coefficient of 0.2, the average median contribution to
total HO; loss was found to be 28 % at the lowest NO; with the maximum contribution
of 78 % (on 27/05/2017 20:45). As well as in Beijing, this is also significant for high
aerosol, low NO environments where other loss pathways become dominant such as
off the coast of Africa. In forested areas with high SOA from biogenics emission and
low NO, HO- uptake could also be a dominant loss pathway. To better illustrate this,
the percentage contribution of HO2 + NO, HO> uptake and HO2 + RO> loss pathways

to the overall rate of removal of HO> are shown as a function of NO in Figure 7.13.
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Figure 7.13. Contribution of HO, + NO (orange), HO, + RO (green) and HO, uptake (teal) loss

pathways to total HO, removal in the MCM_apinene_SA model as a function of NO mixing ratio

(log), calculated using rate of destruction analysis. 25™/75™ percentile are shown as dashed lines.

In the last decade, in response to the poor air quality “crisis” in China, the Chinese
government has implemented multiple policies with the aim to reduce emissions of
pollutants (Jin et al., 2016). Following this, a number of studies have documented the
decrease in NOx and PMzs emissions. NOx emissions over 48 Chinese cities were
reported to have decreased by 21 % in the period of 2011-2015 (Liu et al., 2017) with
consistent declines in NOy reported by numerous studies (Krotkov et al., 2016;Liu et
al., 2016;Miyazaki et al., 2017;van der A et al., 2017). Ma et al., 2016a reported a
mean annual decrease in PM2s between 2008-2013 of 0.46 pug m™ while Lin et al.,
2018 reported an average decrease of 0.65 pug m yr? between 2006-2010 increasing
to a decline of 2.33 pg m yr* for the period of 2011-2015. Silver et al., 2018 reported
a median decrease of 3.4 ug m= yr! across China for PM2s in the period of 2015-
2017. However, with the decrease in NOx and PM2 s emissions, several studies have
reported increasing ozone levels. An increase in maximum daily average 8h mean
(MDAB8) ozone concentrations of 1.13 ppb yr was reported for the period between
2003-2015 at a rural site 100 km North East of Beijing (Ma et al., 2016b). Satellite

observations suggested tropospheric ozone has increased by ~7% for the period
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between 2005-2010 (Verstraeten et al., 2015). For 2015-2017 a significant increase in
ozone concentrations was seen with median rates of MDAS8 reported to be

4.6 ug m=yrt across China (Silver et al., 2018).

A recent study using the regional model, GEOS-Chem, suggested the increase in
ozone across China between 2013-2017 could be attributed to the decrease in PM2s
concentration via a mechanism described below, and that changes in PM2s were more
important than changes in NOx or VOC emissions in driving the increasing Os trends
for the period studied. The decrease in PM2s concentration also led to a decrease in
the loss of HO to aerosol uptake resulting in an increase in the concentration of HO..
This would then proportionally increase the rate of loss of HO2 by reaction with NO
leading to an decrease in the titration of Oz by NO (Li et al., 2018). It is worth noting,
however, that a constant uptake coefficient of 0.2 was used within the model by Li et
al., 2018 with HO» uptake being the dominant HO radical loss pathway ( up to ~50
%) below 2 km altitude (Li et al., 2018) when OH + NO., HO2 + RO, HO, + CH30O2,
HO> + OH, HO2 + HO, and HO> uptake pathways were considered — this does not
agree with the results of modelling studies for AIRPRO Beijing. In comparison, a more
recent study using data from a 2014 field campaign in the North China Plain, reported
that HO aerosol uptake did not significantly impact radical chemistry with an average
calculated uptake coefficient of 0.08 + 0.13 for the conditions during the campaign
(Tan et al., 2020). Box modelling studies showed that the inclusion of 0.08 as an
uptake coefficient only affected the modelled HO> concentration by 17 % compared
to the model where aerosol uptake was not included. This uptake coefficient of 0.08
is much lower than the value of 0.2 which is generally used within models, and is
much more representative of experimental values, discussed fully in Section 1.10.3.
To investigate the impact of HO, aerosol uptake on the HO: radical budget and
therefore the hypothesis of HO> uptake on a trend of reducing concentration of
aerosols being a cause of recent increased ozone concentration in China, an uptake
coefficient for the Summer Beijing AIRPRO campaign in 2017 was calculated using

a novel parameterisation.
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7.3.3 Testing a Novel Parameterisation for the Influence of Aerosol Copper
Concentration on HO2 Uptake

Within modelling studies, the recommended value of 0.2 for the uptake coefficient of
HO- onto aerosol surfaces is commonly used (Jacob, 2000). However, experimentally
much lower values of the uptake coefficient have been measured with values ranging
from <0.05 for dry single component salt aerosols (Taketani et al., 2008;George et al.,
2013) up to 0.2 for deliquesced salt aerosols (Thornton and Abbatt, 2005; Taketani et
al., 2008;George et al., 2013). Higher yy,, have been measured for aerosols doped
with copper (I1) ions, with y,, values being in some cases significantly higher than
the value of 0.2 recommended by Jacob, 2000, and approaching the mass
accommodation coefficient, as discussed in Section 1.11 (Mozurkewich et al.,
1987;Thornton and Abbatt, 2005; Taketani et al., 2008;George et al., 2013;Lakey et
al., 2016b). Several recent studies using ambient aerosols have suggested high values
for yuo,: a study with samples taken from at Mt Tai in China reported uptake
coefficient values ranging from 0.13 to 0.34 (Taketani et al., 2012) while another study
in Japan directly measured yy,, values in Kyoto under ambient conditions, reporting
values from 0.08 to 0.36 (Zhou et al., 2020). The Taketani et al., 2012 study measured
the uptake coefficient using an offline method of collecting filter samples on location
and then measuring the uptake via laser induced fluorescence in the laboratory. Zhou
et al., 2020, criticised this method due to the limitation of offline methods meaning
that there could be degradation of short-lived species in the aerosol during transit from
the collection site to the laboratory for analysis. Another drawback for the filter
collection method is that aerosols must be dissolved in a solvent to remove them from
the aerosol filter and re-aerosolise for analysis: this could distort the composition of
the aerosols and effect the uptake coefficient measured. In comparison, Zhou et al.,

2020 measured y o, directly using an online method, namely via laser-flash photolysis

laser induced fluorescence technique coupled with a versatile aerosol concentration
enrichment system (VACES) to enrich ambient aerosols. It is not stated in this study
how the VACES system effects the composition of the aerosols however, as this was
not measured after the VACES, within which the RH can change drastically
potentially effecting the phase and composition of the ambient aerosols. Previous
studies however have shown that chemical composition of ambient PM is not affected
by the VACES (Kim et al., 2001). A later study by the same group using the VACES
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reported Yno,= 0.05 — 0.33 during the 2019 Air QUAIity Study (AQUAS) in
Yokohama, Japan (Zhou et al., 2020). A 2014 modelling study (Xue et al., 2014)
focussing on the precursors, transport and heterogeneous chemistry of ground level
ozone in four major Chinese cities identified HO> uptake as a source of uncertainty
when considering ozone production with aerosol HO> uptake having the largest effect

in Beijing where the highest aerosol loadings were measured.

One the biggest uncertainties in determining the effect of HO. uptake onto aerosols in
the atmosphere is the lack of understanding of the dependence of yy,, on
copper/transition metal ion concentration within the aerosol. Experimentally, the
dependence of yy,, On transition metal ion concentrations is quite well known,
however the effective concentrations in ambient aerosols and the impact of aerosol
liquid water concentration, [ALWC], upon yye, has not been incorporated into
atmospheric models before. A novel parameterised equation was developed by Song
et al., (2020) in the framework of the resistor model, discussed fully in Section 1.6.1,
to take into account the influence of aerosol soluble copper on HO> uptake (Song et
al., 2020). The new parameterisation for the uptake coefficient is as follows:

1 + 3 X Vyo,
a
Vi, @HO: (45 106) x RyH,; RT X <5.87 +32In (W“ﬁ%)) X [PM]-02 x [Cuz+]083 Eq7.1

where yyo, is the uptake coefficient of HO, onto aerosols, ay,, is the mass
accommodation coefficient of HOz, vy, is the mean molecular speed in cm st Ryis

the count median radius of the aerosol in cm, H,sf is the effective Henry’s Law

Keq
[H+}

constant calculated from H s = Hyo, (1 + ) where Hy, IS the physical Henry’s

Law constant for HO, (i.e. 3900 (Thornton et al., 2008)) in M atm™, K.q is the
equilibrium constant for HO, dissociation (M), and [H*] is the hydrogen ion
concentration within the aerosol calculated from the pH (M), R is the gas constant in
cm? atm Kt mol™? (i.e. 82.05), T is the temperature in K, ALWC is the aerosol liquid
water content in pug m= (which is related to the ambient relative humidity), [PM] is
the mass concentration of PMzs in pg m™ and [Cu?*],ss is the effective aerosol

condensed-phase soluble copper (I1) ion concentration in mol L.

The new parameterisation can be used for typical urban environmental conditions

which span aerosol mass concentrations of 10-300 pg m=; aqueous copper (I
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concentrations of 10°-1 mol L; and relative humidity between 40-90 %. For the
Summer AIRPRO campaign data, the minimum [ALWC] the parameterisation
supported was 14 pg m= so for the entire campaign, this value was used. Below this
value the parameterisation returned negative values for the uptake coefficient. The
average calculated [ALWC] for the campaign was 6.9 + 10 pg m (variability during

the campaign shown in Section 6.3.3.1).

7.3.3.1 Calculated yyq, for Summer AIRPRO campaign

Measured values for [PM], copper (11) ion concentration, aerosol pH (used to calculate
Her), and calculated values for ALWC were input into the parameterisation for the
entire summer campaign. Rq was also calculated from the measured size distribution
of agrosols across the entire campaign. A value of 0.5 was chosen to reflect a,, values
previously measured for copper doped inorganic salts (Thornton and Abbatt,
2005;Taketani et al., 2008;George et al., 2013). For the summer AIRPRO campaign
the soluble copper ion concentration was measured by extracting copper (I1) ions from
filter samples and analysing using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). The total copper (1) mass concentration (ng m= converted to g m?) was
then divided by the aerosol volume concentration (nm3 cm converted to dm?® m=) and
the molar mass of copper (g mol™?) to give the total copper molar concentration in the

aerosol, [Cu®*],¢r (mol L"), which is used in Eq 7.1. The average values used in the

model are shown in Table 7.5.
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Parameter Average value across campaign

Temperature (K) 300
Relative humidity (%) 43
Aerosol pH 3
Count median radius (cm) 2.3x10°
ALWC (ug m3)?2 14
[PM] (g m?) 38.3
[Cu?*]est (Mol LY/ ng m3) 0.0008/ 4
Ayo, 0.5 (fixed)

Table 7.5. Average parameter values for the Summer AIRPRO campaign in Beijing 2017. @This is the
minimum required ALWC for which the parameterisation can be used. For most of the campaign the
ALWC was below 14 pug m3. Copper (11) ion concentration is given in both mol L and ng m due to
mol L being the unit used in the parameterisation but ng m- being a more atmospherically relevant
unit.

For the average value of the parameters shown in Table 7.5, y0, for the Beijing
Summer AIRPRO campaign 2017 was calculated to be 0.07, the uncertainty in this
calculation is considered below. The calculated values of the uptake coefficient using
Eg. 6.1. ranged from 0.002 to 0.15 across the campaign. The time series for the
calculated uptake coefficient in addition to Rg, [PM], [ALWC] and [Cu?*]efs is shown
for the entire AIRPRO Summer campaign in Figure 7.14. Figure 7.14 shows that the
parameterisation gave negative values of yy,, some of the time when measured
ALWC was used (dashed grey line, right hand axis) with the calculated uptake
coefficient following the trend in ALWC closely across the campaign. When using a
[ALWC] = 14 ug m™, the minimum value necessary to ensure all calculated uptake
values are > 0, the calculated uptake coefficient follows [Cu?'Jerr and the inverse of

[PM] more closely, as expected from Eq 7.1.
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Figure 7.14. Time series of measured parameters from Beijing AIRPRO Summer campaign used to
calculate HO; uptake coefficient using the new parameterisation (Song et al., 2020). Each parameter
has been averaged up to a 1 day time resolution to calculate the uptake coefficient due to measured

[Cu?*1esr and [PM] being at this resolution. The calculated YHo, 1S shown in the bottom panel, for

conditions where measured ALWC was used in the calculation (dashed grey line, right hand axis) in

comparison to when a fixed [ALWC] = 14 ug m= was used (solid black line, left hand axis)
The uncertainty in the calculation of y,, using the new parameterisation comes
mainly from the uncertainty in the calculated ALWC (10-20 %; calculated using
ISORROPIA-II thermodynamic equilibrium model (Fountoukis and Nenes, 2007), the
uncertainty in the mass accommodation coefficient, and the uncertainty of the model
calculations used to formulate this new parameterisation (~ 40 %). Uncertainties in
measured parameters i.e. temperature, [PM], [Cu?*] and count median radius are due
to associated instrumental error which are assumed small in comparison. Therefore,
an overall error of ~60 % is assumed. It is worth noting the standard deviation of the
calculated uptake coefficient across the campaign was 0.035, i.e. 49% error. As such
an average value of y,,= 0.070 + 0.035 (10) is calculated for the Summer AIRPRO

campaign using the parameterisation.

The calculation of ALWC by ISORROPIA-II model (named after the Greek for

‘equilibrium) makes several assumptions, namely that aerosol curvature effects are not
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important and that ambient water vapour pressure is not effected by aerosol water
uptake. When 2 thermodynamic models, ISOPROPIA-II and SCAPE (Simulating
Composition of Atmospheric Particles at Equilibrium), were compared predictions of
ALWC agreed within ~13 % between the two models (Fountoukis and Nenes, 2007).

The mass accommaodation coefficient of HO> is influenced by multiple factors such as
aerosol composition, phase and temperature. As there was no measurement of the mass
accommodation coefficient under the conditions for the Summer AIRPRO campaign,
a sensitivity analysis was performed showing the maximum y,, = 0.077 + 0.04 (10)
occurred when ay, is taken as 1 (Table 7.6). This value for yy, is still significantly

lower than the value of 0.2 conventionally used within regional, global and box model

studies.
Qyo, YHo,
0.1 0.042 +£0.016
0.2 0.056 + 0.024
0.5 0.070 £ 0.035
0.8 0.075 + 0.039
1.0 0.077 £ 0.041

Table 7.6. Sensitivity analysis showing effect of changing the mass accommodation coefficient, ayg,,

on the calculated average y g, for the Summer AIRPRO campaign in Beijing, 2017.

7.3.3.2 Comparison to y g, estimated for the Wangdu Campaign

In the Song et al., 2020 study the new parameterisation was tested on data from the
comprehensive 2014 field campaign at a rural site in the North China Plain (Wangdu).
Beijing is located 170 km northeast of Wangdu with the closest city to Wangdu being
Baoding, 35 km to the northwest. During the campaign, measurements of OH, HO»,
RO2, OH reactivity, photolysis frequencies, Oz, NOx, HONO, CO, CO2, H20, SO,
CHs, HCHO and VOCs were made. Average daytime measurements for variables
relevant to the novel parameterisation for the Wangdu campaign are shown in Table
7.7.
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Parameters Average Values across Wangdu campaign

Temperature (K) 300
RH (%) 61
ALWC (ug m3) 68.2
[PM] (ug m3) 67.2
[Cu]?* (mol LY/ng m™3) 0.0005/35.8
Aerosol pH 3.41
Count median radius (cm) 3x10°®

Table 7.7. Average measured parameters in new parameterisation for the Wangdu 2014 campaign
(Song et al., 2020). Copper (11) ion concentration given in both mol L and ng m due to mol L™ being
the unit used in the parameterisation but ng m- being a more atmospherically relevant unit.

Measurements were carried out during the summer of 2014 when severe smog
pollution events were noted (Tan et al., 2017). The Wangdu area is a high temperature
and humidity environment with a monsoon climate and high copper concentrations.
In a more recent paper, the uptake coefficient for the Wangdu campaign was calculated
by comparing HO: field data with HO> modelled concentrations and estimating the
HO: aerosol uptake coefficient required to close the radical budget for each day. The
proposed yy, for the Wangdu campaign using this method was quoted as 0.08 + 0.13
(Tan et al., 2020). Using the novel parameterisation, Song et al., 2020 estimated an
average value of 0.116 + 0.086 (using a mass accommodation coefficient of 0.5) for
Yno, for the conditions of the Wangdu campaign which agrees with the value
calculated by Tan et al., 2020 within the uncertainty. The RH during the Wangdu
campaign showed significant diurnal variation, ranging from 15 to 97% RH with an

average RH value of 61 %.

In 2012, Taketani et al., 2012 measured the uptake coefficient of HO> on aerosol

samples taken from Mt Tai and Mt Mang in North China. The measured yy, for Mt
Tai ranged from 0.09 to 0.4 while the y,, for Mt. Mang samples ranged from 0.13 to
0.34. The results from these field campaigns suggest that y,,, could be larger or

smaller than the value of 0.2 commonly used in models and could vary significantly

for typical conditions seen in North China.
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The calculated y 0, for Summer AIRPRO campaign of 0.07 + 0.04 is comparable to
that calculated for the Wangdu campaign by Song et al., 2020, i.e. 0.116 + 0.086, for
the same mass accommodation coefficient of 0.5. The uptake coefficient depends on
[PM], [ALWC] and [Cu?*]esr, With the strongest dependence on [Cu?*]esr. [PM] and
[ALWC] were lower for Summer Beijing 2017 than for the Wangdu 2014 campaign.
While total copper mass concentration in ng m= in Beijing was lower than the Wangdu
campaign, due to differences in Rq and aerosol volume, the [Cu®*]es for Beijing was
slightly higher than the Wangdu [Cu?*]ess concentration. The Rq value was higher for
the Wangdu campaign, suggesting a higher aerosol volume which could explain the
similar total copper molar aerosol concentration (mol L) values for [Cu?*]ess between
the two campaigns despite Wangdu having a mass concentration of 35.8 ng m= of
copper compared to 4 ng m= average in Beijing AIRPRO campaign. The similar
values of [Cu®Tesr, but lower [ALWC] and [PM] explain why the estimated uptake
coefficient values for Beijing are lower than that for Wangdu campaign. The [ALWC]
for Wangdu campaign was much higher than for Beijing campaign, an average of
68.2 ug m= compared to 6.94 pg m3, due to both the higher RH and the larger Rq.
Table 7.8 shows a comparison of the measured parameters used within the
parameterisation for the both the Wangdu and Beijing campaigns. The relationship
between the calculated [ALWC] and the measured RH for Beijing Summer Campaign
is shown in Figure 7.15 demonstrating that higher RH in Wangdu will be driving the
increased [ALWC] for the Wangdu campaign compared to Beijing campaign.
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Parameters Average Values for Average Values for
Wangdu Beijing
ALWC (ug m3) 68.2 6.94 (fixed as 14 in
parameterisation)
Relative humidity (%) 61 43
[PM] (ug m3) 67.2 38
[Cule®* (mol LY/ng m- 0.0005/35.8 0.0008/ 4
%)
Count median radius, 3x10°® 1.5x10°
Ra (cm)

Table 7.8. Comparison of measured parameters in new parameterisation for the Summer AIRPRO
Beijing 2017 Campaign and the Wangdu 2014 campaign (Wangdu campaign values from Song et al.,

2020)

200 —

ALWC /ugm”

Figure 7.15. Relationship between the calculated [ALWC] / pg m™ and the measured relative
humidity (RH) / % for Beijing Summer Campaign. [ALWC] calculated using ISOPROPRIA model.

RH/ %

RH measured with a dewpoint hygrometer.

223




Looking at the effect of [PM] and [ALWC] on the uptake coefficient of HO> as a
function of copper molarity for the new parameterisation (Eq 7.1) shows that for a
fixed [ALWC], an increase in PM causes a decrease in the curvature of the uptake
coefficient against copper (1) concentration, whereas for fixed [PM], increasing
[ALWC] leads to an increase in uptake coefficient for a given copper concentration.
As shown in Figure 7.16, the effect of [ALWC] and [PM] on the HO, uptake
coefficient is the greatest between [Cu?Jesr = 10 and 10"t M when the curve is at its
steepest before levelling off towards the mass accommodation coefficient of 0.5. As
such, if a different mass accommodation coefficient was used in the calculation, the
uptake coefficient would tend towards that value instead of 0.5. For a fixed value of
[ALWC] = 14 ug m™ and a fixed value of [PM] = 38.3 ug m= (the average values for
the Beijing AIRPRO Summer campaign), the variation of the calculated uptake
coefficient as a function of [Cu®'e is also shown in Figure 7.16. For these fixed
[ALWC] and PM values, the curve is at its steepest between [Cu?Jesr ~ 10 and
10 M. The average [Cu?']es for the Beijing campaign was 8 x 10* M, with values

ranging from 3 x 10 to 2 x 10" M across the campaign.
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Figure 7.16. Dependence of uptake coefficient on aerosol copper concentration, [Cu]?*es, focusing
on the effect of varying [PM] with fixed [ALWC] and vice versa. Pink lines show the effect on uptake
coefficient of varying [PM] from 5-50 pg m3with a fixed [ALWC] of 10 g cm=.Blue lines show the
effect on uptake coefficient of varying [ALWC] from 10-500 ug m- with a fixed [PM] of 5 pg m=.
The copper concentration range of 104-10° M is relevant for the Summer AIRPRO campaign. The
yellow line shows the effect on the calculated uptake coefficient of varying Cu, with [ALWC] and
[PM] taken as the averages from the Beijing campaign, i.e. [ALWC] = 14 ug m-3 (fixed in
parameterisation as such) and [PM] = 38.8 ug m3. Dashed black line indicates the average [Cu]?*es
for Beijing summer campaign while the dashed red line indicates the average [Cu]®*e for the
Wangdu campaign. Note that the [PM] and [ALWC] are both higher for Wangdu campaign

compared to the Beijing campaign.

7.3.3.3 Effect of yy, on radical concentrations in Summer Beijing

To examine the effect of the HO> uptake on the concentration of OH, HO. and RO- in
the Summer AIRPRO campaign, the uptake coefficient calculated using measured
data from Summer AIRPRO campaign, as described in Section 7.3.3.1, was added to
the MCM_apinene model to give the MCM_apinene_gamma model. All measured
parameters were either given at a time resolution of 1 day or were averaged up to this
time resolution. The average of the calculated yy,, across the campaign was
0.070 £ 0.035 (1o) with a minimum value of 0.002 on 27/05/2017 and a maximum
value of 0.15 on 25/05/2017.
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The comparison of modelled radical concentrations for MCM_apinene,
MCM _apinene_SA (for which the uptake coefficient of HO; is taken as 0.2, fully

described in Section 0) and MCM_apinene_gamma is shown in Figure 7.17.

6X106 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1
a)

06:00 12:00 18:00
Time of Day

—— MCM_apinene —— MCM_apinene_SA —— MCM_apinene_gamma

Figure 7.17. Average median diurnal comparison for modelled a) OH, b) HO; and c) RO; radicals

from MCM _apinene (blue), MCM_apinene_SA (orange) and MCM_apinene_SA (lilac) models. All

diurnals are averaged at a time resolution of 60 minutes. 25"/75" percentile shown as dashed lines.
As expected, including the calculated uptake coefficient, varying from 0.002 to 0.15
(0.07 as an average across campaign) had only a small effect on the diurnal radical
concentrations. The average median diurnal comparison shows that, on average, the
OH and RO concentrations were not significantly affected by the addition of HO>
aerosol uptake across the Summer Beijing campaign. While the average median HO-
concentration at the 14:30 peak still decreases with the addition of HO, uptake
coefficient (average of ~0.07), the decrease was much less than seen in
MCM _apinene_SA where the uptake coefficient was taken as 0.2 across the entire
campaign. To showcase this better, the measured to modelled ratios of OH, HO; and

RO, for MCM_apinene and MCM_apinene_gamma were binned against NO as
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shown in Figure 7.18. Very little difference between MCM_ opinene and
MCM_opinene gamma is seen for OH, HO2 or RO in Figure 7.18, as expected for a

small uptake coefficient.
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Figure 7.18. The ratio of measured/modelled OH, HO; and RO, for MCM_apinene (blue) and
MCM _apinene_gamma (lilac) models binned over the range of NO concentrations for the Summer
AIRPRO campaign for day-time values only (j(O'D)>1x108s ). Solid lines show the median
average radical concentrations while dashed lines show the 25%/75" percentile.
A rate of destruction analysis (RODA) was performed for MCM_apinene_gamma to
showcase the contribution of HO> uptake to the overall loss of HO2. The RODA is
shown in Figure 7.19. As for the MCM_apinene and MCM_apinene_SA models, the

dominant loss pathway of HO2 is HO2 + NO across the entire campaign.
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Figure 7.19. Rate of destruction analysis (RODA) showing the dominant loss pathways of HO;
within MCM_opinene_gamma shown as a) a diurnal variation and b) as a function of NO
concentration. Median removal of HO. by uptake (%) as a function of NO / ppb is shown as solid
black line, with 25%/75" percentile shown as the black dashed lines. Maximum percentage removal

by uptake for a given NO mixing ratio is shown as a lilac dashed line.

As shown in Figure 7.19b, with decreasing NO concentration, the importance of other
loss pathways, other than HO2 + NO, increases. At the lowest NO concentration, i.e.
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< 0.1 ppb NO, the most important loss pathways are on average HO2 + NO (51 + 19
%), HO2 + RO2 (29 + 17 %), HO2 + O3 (8.5 + 3.4 %) and HO> uptake (6.7 = 6.7 %).
At low NO concentrations, HO, uptake becomes more important as a removal pathway
for HO2 meaning that even with a smaller uptake coefficient, HO, uptake is still
important to consider. To showcase this the percentage contribution to total HO>
removal of HO2 uptake for the Summer Campaign, as calculated using RODA, for
MCM _apinene, MCM_apinene_SA and MCM_apinene_gamma is compared for
<0.1 ppb NO in Table 7.9 (contributions are compared for the lowest NO to show the

maximum contribution of uptake, and the minimum contribution of HO2 + NO in the

model).
HO,+03 HO,+OH HO,+HO, HO,+RO; Net HO,+NO; HO,+NO uptake
MCM_apinene 9.1+3.6 007+005 2717 31+19 2.6£31 54+19
MCM_apinene
QAMMA@V. gy 0074005 23416 29 +17 24+28 51419  67+6.7
y=0.07)
MCM_apinene  6.6+31 005+005 14+12 21+ 14 16+21 42423 28+ 23
_SA (y=0.2)

Table 7.9. Average contribution (%) of individual HO;, loss pathways to total HO, loss in
MCM_apinene (shaded blue), MCM_apinene_gamma (shaded lilac) and MCM_apinene_SA (shaded
orange) for <0.1 ppb NO

This comparison shows that while the modelled diurnal radical concentrations for OH,
HO> and RO are not significantly affected when using an average uptake coefficient
of 0.07 (ranging from 0.002-0.15 across the campaign) due to the high (>0.1 ppb)
concentrations of NO, on days where the NO concentration is very low, smaller uptake
coefficients than just using y=0.2 could still have a significant effect on total HO: loss.
The contribution of HO. uptake to total HO, removal is binned against NO

concentration for MCM_apinene_SA and MCM_opinene_gamma in Figure 7.20.
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Figure 7.20. Percentage contribution of HO, uptake to HO, removal as seen in MCM_apinene_SA
model (blue line, ¥ 5o, = 0.2) and MCM_apinene_gamma model (purple line, y 4o,= 0.070 + 0.035)
for Summer AIRPRO Beijing campaign plotted as a function of NO concentration / ppb. Dashed

lines represent the 25"/75t" percentiles.

Though there is not as much of a dependence on NO mixing ratio for an uptake
coefficient of 0.07 £ 0.035 in MCM_apinene_gamma, compared to an uptake
coefficient of 0.2 in MCM _apinene_SA, it can be seen that up to 28 % of total loss of
HO: could still be due to heterogeneous uptake onto aerosol surfaces under low NO
conditions, which is significant. For a higher uptake coefficient of 0.2, as
recommended by Jacob, 2000, a maximum contribution of ~78 % can be seen
<0.1 ppb. A time series of calculated uptake coefficient plotted with NO mixing ratio
and aerosol surface area for the entire summer campaign is shown in Figure 7.21.
There is not a strong correlation between aerosol surface area and NOy for this
campaign, as shown in Figure 7.11. However, on days where the NO mixing ratio is
low and aerosol surface area is high, the uptake of HO, onto aerosols could be
important. For the Beijing AIRPRO campaign, 27/05/2017-29/05/2017, 06/06/2017-
07/06/2017 and 17/06/2017-18/06/2017 are examples of days when these conditions
are met. For these days the calculated uptake coefficients are respectively: 0.002,
0.023, 0.028, 0.056, 0.054, 0.009 and 0.029.
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Figure 7.21. Time series of calculated HO, uptake coefficient (black line and markers), measured
aerosol surface area/ m? m= (red line) and measured NO/ ppb (purple line) for the Summer AIRPRO
campaign. Time resolution for uptake coefficient is 1 day while the time resolution for NO mixing

ratio and aerosol surface area is 15 minutes.

7.4 Modelling Summary

In this chapter, the OH, HO and RO radical concentrations were modelled for the
Summer AIRPRO campaign in Beijing using the Master Chemical Mechanism v.3.3.1
and compared to the measured concentrations. The effect of HO uptake onto aerosols
was then investigated using 2 models, MCM_aopinene_ SA  and
MCM _apinene_gamma. Using a new parameterisation given by Song et al., 2020, the
HO, uptake coefficient was calculated for the Summer AIRPRO campaign as a
function of [Cu?*]esr, [ALWC] and [PM]. For the entire campaign the average HO
uptake coefficient calculated was 0.070 + 0.035, with values ranging from 0.002 to
0.15. The effect of calculated uptake coefficient on HO: concentration using
MCM_apinene_gamma, was then compared to the effect of inputting a fixed HO>
uptake coefficient of 0.2 (commonly used within global and regional models) using
MCM _apinene_SA.

Rate of destruction analysis showed that for MCM_apinene_SA, with y,,,= 0.2, the
main loss pathways of HO> at low NO (i.e. <0.1 ppb) were HO2 + NO (42 + 23 %),
HO. uptake (28 + 23 %), HO2 + RO> (21 £ 14 %), and HO2 + O3 (6.6 £ 3.1 %). At
higher NO ( i.e. >10 ppb), the dominant loss pathway of HO, is HO> + NO
(99 + 0.3 %) showing that HO> uptake, even with a high uptake coefficient, is not a
dominant loss of HO- in high NO environments such as Beijing. However during low
NO conditions, up to 78 % of HO: loss was due to HO: uptake within

MCM _apinene_SA, which is a significant loss pathway.
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The calculated uptake coefficients, using the parameterisation presented by Song et
al., 2020, ranging from 0.002 to 0.15 had only a small effect on the overall radical
concentration due to the usually high NO conditions across the campaign. However,
at low NO conditions, i.e. <0.1 ppb, the rate of destruction analysis showed up to
28 % of HO, loss was by uptake to aerosols. As such, in clean environments, for
conditions where NO is low but aerosol surface area is high such as forested regions
where biogenics emissions are high away from urban centres or outflows from dust

events over oceans, an yyo,< 0.2 could still have a significant effect on the overall

HO> concentration.
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8 Conclusions and Future Work

8.1 Overview

The reactive uptake of NO2 to form HONO onto single component TiO> aerosols in
the presence of NO2 and mixed TiO2/NH4NO3z aerosols in the absence of NO2 was
measured using an aerosol flow reactor coupled to a highly sensitive photo-
fragmentation laser induced fluorescence detector and an SMPS. The effect of RH on
the uptake of NO2 to form HONO onto TiO. was also investigated. A PAM chamber
was characterised for the production of secondary organic aerosols from ozonolysis
and OH-initiated reaction with VOCs. The uptake of HO> onto limonene-derived
SOAs was then measured leading to discovery of two interferences, one from the
reaction of residual limonene and OH from the injector and the second proposed to be
due to RO species desorbing from aerosol surfaces. Lastly, the effect of HO, uptake
onto aerosol surfaces in summertime in Beijing was modelled using the Master

Chemical Mechanism and a novel parameterisation by Song et al., 2020.

8.2 Production of HONO from Illuminated TiO: aerosols surfaces

The photo-fragmentation laser induced fluorescence instrument coupled to an aerosol
flow-tube was validated for the measurement of HONO from aerosol surfaces. The
PF-LIF instrument was successfully calibrated for both OH and HONO with
calibration factors in N2 determined to be
Coy = (634 + 096) x 10® counts cm® molecule? s mw? and
Crono = (3.63 £0.51) x 10° counts mW-. The limit of detection for HONO was then
calculated to be 9 ppt for a 50 s averaging period and a SNR of 1.

The production of HONO from illuminated TiO> aerosol surfaces in the presence of
NO:2 was investigated with the reactive uptake coefficient of NO, to form HONO for
NO, mixing ratios of 34 - 400 ppb found to be in the range of
Yno,omono = (997 + 351) x 10° at 286 ppb to a maximum of
Yno,-mono = (1.26 + 0.17) x 10 at 51 ppb NO2 at 298 K. The photolysis rate
coefficient of NO2, j(NO-), was calculated using NO2 chemical actinometry, and with
this and the knowledge of the relationship between j(NOz), the absorption cross-
section (o3.) for NO2 and the spectral intensity of the lamp over the wavelength range

of 290 -400 nm, the Ilamp photon flux could be calculated as
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(1.65 + 0.02) x 10 photons cm? s! for 1 lamp and a j(NO2) of
(6.43 + 0.30) x 1072 s, This allows a HONO production rate to be calculated for a
given light intensity.

The uptake coefficients measured varied with increasing NO2 mixing ratio showing
an increase followed by a decrease as a function of NO», peaking at 51 ppb = 5 ppb
NO: — the increase to 51 ppb being a trend contrary to previous literature which
investigated HONO production on humic acid aerosols (Stemmler et al., 2007) and
Arizona Test Dust (Dupart et al., 2014) as a function of [NO2]. To investigate this, a
kinetic scheme within a box model was created, with multiple mechanisms studied in
order to explain the experimental observations. Modelling studies supported a
mechanism involving two NO2 molecules per HONO molecule generated, suggesting
the formation of an NO> dimer intermediate, the exact mechanism of which is unclear.
Previous studies on NO> dimer intermediates would suggest that the process occurs
via the isomerisation of the symmetric N2O4 dimer on the aerosol surface to give trans-
ONO-NO, either via cis-ONO-NO; or directly, suggested to be more reactive with
water than the symmetric dimer (Finlayson-Pitts et al., 2003;Ramazan et al.,
2004b;Ramazan et al., 2006;de Jesus Madeiros and Pimentel, 2011;Liu and Goddard,
2012;Murdachaew et al., 2013;Varner et al., 2014).

Using the maximum experimental uptake coefficient of
Yno,~Hono = (1.26 £ 0.17) X 104, scaled to ambient light levels in Beijing, a
production rate of HONO was estimated using average daytime values from the
AIRPRO Summer 2017 campaign ([NO2] = 50 ppb, j(NO2) =1 x 10 s and aerosol
surface area = 2.5 x 10 m? (of which 0.3 % was taken to be TiO2)) to represent
Summertime in Beijing. A HONO production rate of 1.70 x 10° molecules cm™ s
(~24.8 ppt h'Y) was estimated: similar to the maximum production of HONO from
urban humic acid aerosols in Europe, 17 ppt hrl, as reported by Stemmler et al.,
(2007). The net gas phase production of HONO was calculated under the same
conditions in Beijing and found to be -3.8 ppb hr?, a net loss of HONO due to the
large daytime HONO photolysis loss, suggesting that the production of HONO from
TiO> aerosol surfaces in the presence of NO2 would have little effect on the overall
HONO budget for summertime in Beijing.
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In addition to the uptake coefficient, the RH dependence of HONO production on TiO>
surfaces at multiple NO2 concentrations was investigated showing a peak in HONO
production at ~ 30 % RH. At a higher NO2 concentration the peak was slightly shifted
to a lower RH, with more production at all RH’s investigated. This shift in the peak is
mostly likely due to the active sites filling faster with increasing RH if the
concentration of NO- is higher, especially if NO. or the reaction of NO2 with H20 or
other species poisons the surface of TiO2, reducing the catalytic effect. It is also
possible that increased NO> concentration decreases the effect light intensity which
reaches the surface of the TiO- due to the NO> in gas phase adsorbing the light, thereby
reducing the photolytic reactions which can occur to form HONO on the surface: this
was not characterised in this work however. An increase in HONO production to a
peak with RH can be attributed to the increased availability of water for the reaction
with NO, to form HONO, thought over a certain concentration, the water could
competitively inhibit the adsorption of NO2 to the surface thereby decreasing the
production of HONO.

For non-urban environments, NO2 concentrations is typically much lower and
therefore the uptake of NO> to form HONO on aerosol surfaces would be expected to

be much lower.

In the absence of NO, the production of HONO from ammonium nitrate aerosols was
also investigated to determine if nitrate aerosols were a significant source of HONO
via particulate nitrate photolysis or indeed if TiO. could catalyse the formation of
HONO from nitrate. For pure deliquesced ammonium nitrate aerosols however,
significant production of HONO was not seen for the range of conditions tested. With
the addition of TiO, however, the production of HONO seen was significant with
increasing aerosol surface area. Using experimental results for mixed TiO2/ammonium
nitrate experiment, a rate of HONO production from nitrate photolysis was calculated
for ambient conditions in marine environments, taking the conditions in Cape Verde
as an example of such environments. The rate of production was calculated to be
68 ppt hr which is similar in magnitude to the missing HONO production rate
calculated previously for the RHaMBLe campaign, suggesting a significant

production from particulate nitrate photolysis in the remote marine boundary layer.
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8.2.1 Future Work

Future work would involve studying production of HONO from pure nitrate aerosols
over a wider range of conditions for example RH, temperature and aerosol pH. It
would be interesting to introduce a seed aerosol or other chemical species which
commonly found in marine environments such as halogen species like lodine or
photosensitive organics to investigate the effect on particulate nitrate photolysis and
the production of HONO. More investigations into the production of HONO from
ambient aerosols should be done and compared to the results on TiO» aerosol surfaces
to fully understand the effect a photocatalytic material has on the uptake of NO> to
form HONO and what this could mean for haze or dust events in places such as

Beijing.

8.3 Uptake of HO2 onto Limonene-derived Secondary Organic

Aerosols

A Potential Aerosol Mass chamber was built for the formation of secondary organic
aerosols by the oxidation of volatile organic compounds. The PAM chamber was
characterised for a-pinene and limonene derived SOAs. The effect of changing
limonene and Oz concentration on the size distributions of SOA was investigated. Size
distributions for SOAs formed from both a-pinene and limonene with Oz and OH were

reported.

The HO- uptake system, as described in Section 2 and Lakey et al., 2016, was rebuilt
and validated for the measurement of uptake onto aerosols surfaces. The uptake of
HO2 onto ammonium sulphate aerosols was done first, to allow sensitivity to be tested
in comparison to previous measurements made by the instrument. The uptake
coefficients of HO2 onto ammonium sulphate salt aerosols were 0.04 + 0.01 and
0.010 = 0.002 for 65 and 73 % RH respectively: in agreement (taking into account
standard deviation) with values measured previously by George et al., 2013. Following
validation of the system, the uptake of HO. onto limonene-derived SOA was
measured. Two interferences, A and B, were seen following the addition of limonene-
derived SOA into the system, postulated to be due to OH and RO: species being
present in flow tube: Interference A was observed as a production of peroxy radicals
when the injector was pulled back from the FAGE cell, while interference B was

observed as a signal seen when no HO2 was present in the system but NO was flowing

236



into the cell. It was found that trace amounts of both limonene (after the charcoal
denuders) and OH (from the injector) were present in the system leading to production
of RO2 and HO> species which caused an increase in signal as the injector was pulled
back from the detector. The second interference, interference B, was proposed to be
due to RO2 species coming off aerosol surfaces due to the interference only being
present when SOA were present. It is also possible OH could be released from the
SOA surface, leading to an interference through reaction with trace limonene in the
flow-tube. NO dependence testing of both interference B and the HO, signal without
aerosols showed that the interference was caused by RO; rather than HO>. It was
shown that cleaning the walls of the PAM chamber by allowing Os to flow through
the system and remove species absorbed to the walls through reaction significantly
reduced interference B, suggesting the interference was due to aged aerosols. A GC
hydrocarbon trap was added into the system directly in-line and after PAM chamber
and the first charcoal denuder. This significantly reduced both interferences and
allowed a decay of HO: to be seen in the presence of aerosols and an uptake coefficient
to be measured: yyo,=0.10 +0.03 at 22 % RH and yy,,=0.15 + 0.03 at 58 % RH.

8.3.1 Future Work

The extent to which the GC trap works to remove any interfering species must be
further investigated. Additionally, the GC trap caused pressure to build up in the
system and therefore a new trap which removes interferences in a similar manner
without the associated risk must be found. Future work would also include further
studies into the source of the interference before additional experiments into the RH
dependency of limonene-derived SOA can be done. It would also be worth
investigating whether other, less reactive, VOCs produce an interference in the system
upon ozonolysis or whether using OH or NOs as an oxidant may remove said
interference. The interference, postulated to be due to RO», shows that this system can
measure RO and suggests that RO» uptake experiments could be successful. Future

work would therefore be investigating RO2 uptake onto aerosol surfaces.

8.4 Modelling the Effect of HO> Uptake onto Aerosols Surfaces
During AIRPRO Summer Campaign

HO: is often over-predicted in models and this is believed to be due, in part, to a lack

of understanding of HO> uptake onto tropospheric aerosols. In Chapter 7, the OH, HO-
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and RO radical concentrations were modelled using the Master Chemical Mechanism
for the Summer AIRPRO Beijing campaign in 2017 and compared to the measured
concentrations, with and without the addition of aerosol uptake of HO: included. In
2020, a novel parameterisation giving the uptake coefficient of HO. onto aerosols as
a function of aerosol liquid water content (JALW(C]), particulate matter concentration
([PM]) and effective aerosol condensed-phase soluble copper (II) ion concentration
([Cu?*]esr), was introduced by Song et al., 2020. The uptake of HO, was calculated
using measured values from the AIRPRO Beijing campaign and the Song
parameterisation. The effect of HO» uptake onto aerosols was then investigated using
2 models: MCM_apinene_SA which included yy,,= 0.2 (fixed) as commonly used in
global and regional models; and MCM_apinene_gamma which included the yo,
calculated from the Song parameterisation and the measured campaign values of
temperature, RH, aerosol pH, [ALWC], [PM] and [Cu?*]es+. For the entire campaign,
the average HO. uptake coefficient calculated was 0.070 £ 0.035 (1c) with values
ranging from as low as 0.002 to as high as 0.15. Notably this maximum value is still

significantly lower than y,,= 0.2, as recommended by Jacob (2000).

Rate of destruction analysis (RODA) showed that the dominant pathway of HO> loss
for both models, was HO, + NO for all NO concentrations encountered during the
campaign. The RODA for MCM_a-pinene_SA (yyo,= 0.2), showed the main loss
pathways of HO> at low NO (i.e. < 0.1 ppb when other loss pathways have more effect
on overall HO> loss due to less HO2 + NO) were HO2 + NO (42 £ 23 %), HO> uptake
(28 £ 23 %), HO2 + ROz (21 + 14 %) and HO2 + O3 (6.6 = 3.1 %). This shows that at
high NO, even with a higher y,,, 0of 0.2, HO, uptake is not a dominant loss of HO..
However, under low NO conditions, up to 78 % of HO- loss was due to HO> uptake
(depending on conditions) within MCM_apinene SA, which is a significant loss

pathway.

As would be expected, HO, uptake had a much smaller effect in
MCM_apinene_gamma where the yy,, ranged from 0.002 — 0.15. As such, averaged
across the whole campaign, the effect of HO2 uptake was very small due to the high
NO concentrations. However, at low NO (i.e. < 0.1 ppb) rate of destruction analysis
showed that up to 28 % of HO- loss was by uptake onto aerosols (compared to 78 %

for yuo,= 0.2), which is still significant. In cleaner environments away from urban
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centres, where NO is low and aerosol surface area is high, yy,, of < 0.2 could still

have a significant effect on the overall HO> concentration.

8.4.1 Future Work

Future work would include using this parameterisation for campaigns in different
environments, ideally not in urban megacities, but in surrounding areas to investigate
the significance of HO> uptake onto aerosols away from NO sources. Campaigns in
forested regions with high biogenic emissions, or areas effected by dust outflows
would also be good candidates. As the parameterisation fails at low [ALWC] due to it
being designed only for a given range of [ALWC], further work should be done to
improve on this allowing the parameterisation to be used to model in a wider variety
of environments. Additionally, though simple chemical systems are most often
investigated it is important to consider more complex systems to assess the potential
coupling between reactive species in multi-component aerosols, such as how TiO:
could catalyse the uptake of HO2 on surfaces or the effect of transition metal redox

coupling chemistry on the uptake of HO».
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