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Abstract

A photofragmentation laser inducdtliorescence 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 illuminatec &dosol
surfaces in the presence of NWas investigated and the reactive uptake coefficient
of NOz to form HONO for NQ mixing ratios of 34 400 ppb was found to be in the
range off o = (9.97 + 3.51) 10°% at 286 ppb to a maximum of

[ o = (1.26 + 0.17) 10* at 51 ppb N@ for a lamp photon flux of

(1.65 + 0.02) 10 photons cnt s*. The reactive uptake of N@o form HONO on
TiO2 was found to increase with N@nixing ratio to ~ 51 ppb N¢) followed by a

I+

decrease with further increaseNO,. Box modelling studies supported a mechanism
involving two NG molecules per HONO molecule formed, suggesting the formation

of an NQ dimer intermediate on the surface of the aerosol.

Using the maximum experimental valuefof o , & prodation rate of HONO

for Beijing Summertime was estimated b 1.70  10° molecules cri s?
(~24.8 ppt 'Y). From the calculated net gas phase production of HONO for the same
conditions (~3.8 ppb M) it was concluded that production of HONO from ZiO
aerosol surfaces in the presence obMOuld have little effect on the overall HONO

budget for Summertimia Beijing.

In the absence of NQthe 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 ;N@llowing photolysis (renoxification) in

the marine boundary layer. Significant production of HONO from pure ammonium
nitrate aerosols was not seen. However, with the addition ofiTi®1:1 mixture with
ammonium nitrate, the production of HONO obserweds significant. Using
experimental restd for mixed TiQ/ammonium nitrate aerosol experiment, a rate of
HONO production from nitrate photolysis for ambient marine conditions was
calculated to be 68 pptfrtaking Cape Verde in the tropical Atlantic Ocean as an
example of such environments.igls 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 foradegbion of
secondary organic aerosols (SOA) from oxidation of volatile organic compounds
(VOC). The effect of changing the concentrations of limonene andnQhe size
distributions of SOA was investigated, with size distributions for SOAs derived from

Upinene and limonene with botls@nd 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 Ujake onto aerosol
surfaces. The uptake of H®@nto imonenederived SOA was measured with an
interference observed, postulated to be due tgdR€cies coming off the SOA surface
after the charcoal denuders. Trace amounts of limonene after the denuders and OH
from the sliding injector (formed as amiodud 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) trageathe denuders which significantly
reduced any interference seen, though to an unknown extent, a decay iof tH®
presence of limonerderived SOA was observed and uptake coefficients of

[ =0.10 £ 0.8 and’ = 0.5+ 0.038 were neasured for 22 % and 58 % RH

respectively at atmospheric pressure and 298 K.

Using a novel parameterisation by Soegal., 2020,the uptake coefficient of
HO.,[ , was calculated using measured values of temperature, RH, aerosol pH,
aerosol liguil water content (ALWC), particulate matter concentration ([PM]) and
[Cu?*]er for Beijing Summer AIRPRO campaign in 2017. For the entire campaign, the
average H@uptake coefficient calculated was 0.G70.035 (1) with values ranging

from as low as 0.002 to as high as 0.15, though still significantly lower than the value
of[ = 0.2, commonly used in modelling studies. Using the calculated values of
I for the Summer AIRPRO campaign, the OH,24@d RQ radical concentrations
were calculated using a baowodel 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-HPtake onto aerosols was istigated

using 2 models: MCMUpinene SA with | fixed at 0.2, and
MCM_Upinene_gamma with the values ¢f calculated by the Song

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

v



HO2 to be HQ + NO for all NO cmcentrations across the campaign withoHiptake
contributing < 0.3 % to the total loss of b{@s expected for a polluted urban location.
However, at low NO r, i.e. < 0.1 ppb NO, up to 78 % of H&3s was due to HO
uptake within MCM Upinene_SA[( =0.2) and up to 28 % of Hdoss was due to
HO, uptake within MCM_ Upinene_gamma, despite the much lower values
compared t¢  of 0.2. From this, it can be concluded that in cleaner environments
away from urban centres with high concentratioh NO but where aerosol surface
area is high still, values pf  of less than 0.2 could still have a significant effect on

the overall H@ concentration.

Reference:

Song, H., Chen, X., Lu, K., Zou, Q., Tan, Z., Fuchs, H., Wiedensohle¥jgan, D.
R., Heard, D. E., BaezZzRomero, M. T., Zheng, M., Wahner, A., Kiendecharr, A.,
and Zhang, Y.: Influence of aerosol copper on:HPtake: a novel parameterized
equation, Atmos. Chem. Phys., 20, 1583850, https://doi.org/10.5194/a20
158352020, 2020.
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paticle 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; SMPSscanning mobility particle Sizer................uvvvviiiiiccceeeeiiiiceen, 80

Figure 3.2 Cross section of the mounted TSI 3076 atomiser. Image taken from TSI,
124010 1 TR PPPPPPPTTRPPTIIS 82

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

Black circles represent glass fibres and the beigdes represent aerosol particles.

Figure 3.5.Crosssectional schematic of an inertial impactor. Image recreated from
FEfErenCe TSI, 2008Q........cu i ceeee e et e e e e e e e e e e reneeean 86

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)(gree

Figure 3.7.UV absorption spectrum of HONO at 0.5 nm optical resolution. Image
taken Brust et al., 2000.........oiiuniiiiii e aaa e 88

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

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

Figure 3.9. Schematic of the detection cell and the aerosol flow tube. The gas
expansion througthe 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,
120 K T RSO OOUPPPPRRRPPRPPRN 91

Figure 3.10.Schematic showing the data acquisition cycle for the. FFRnstrument
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

Figure 3.11.Example data acquisition cycle with OH background not subtracted. All

counts before photolysis laser trigdes haded orange) at ~ 160 ¢es ¢
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 presentinthecell. THe p i n t he OH background at
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 fragmentationldONO, either from production on aerosols,

impurities in the nitrogen or NExylinders or from formation on the walls of the cell

or in the Teflon tubing. This signal then dropped off rapidly. Immediately following

t he peak at ~ 16 00Hpkasma fotonedoratite cqll eam ke sden e t o
(shaded green). This peak changed as a function of RH. The signal then returned to

the OH background level (shaded orange)..........cccccvviiiiiccceeee e 96

Figure 3.12.Schematic of the OH calibration agp using the OH calibration wand.
Humidified air at 40 lpm is flown down the calibration wand past a collimated light
source towards the pinhole of the FAGE dekhaust tube is used to take excess flow
t0 @ TUMENOOM..... ... i 98

Figure 3.13.Dependence of OH signal normalised to laser power on [Or Bars

represent N1&d with the |l inear | east sguares
calibration factor) is in units of counts W molecule! cm® and the intercept is in

UNItS Of COUNES MWL .. ot 100

Figure 3.14.HONO calibration set up using a roallimated light source. Humidified
nitrogen flow containing NO, 20 Ipm, was flown into a glass wand and nuast
collimated mercury lamp to generate HONO in large concentrations which flows over
the pinhole. Exhaust tube used to remove toxic NO excess flow................. 101

Figure 3.15.Example of @actinometry showing the linear relationship betwees} [O
/[ ppb and | amp current [/ mA. Error bars show

to flickering of the lamp at oW CUMeNt............ovvviiiiiiiiiiieee e 102
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Figure 3.16. Example of HONO calibration using sCactinometry showing the
relationship between the HONO counts and theJH@olecules cri. Chonofor this
calibration wag€3.63 + 0.51) 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 mfAand the gadient of the slopes are in counts MW

moleculelcm®. The er L.0.S..al ol iiiiieaeaeen, 104

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

concentrations of NOwere addd in a stepwise manner..............ooooeeeeivieennnn. 107

Figure 3.18 UVA emission spectrum for the 15 W bench lamp used in these
experiments between 289100 nm.The integrated photon flux over this wavelength
range is (1.65 = 0.02) 10'° photons crt s* determined from the measurgtlOy)

Of (6.43 +0.30) 103 ST, 108

Figure 4.1.Dependence of HONO production on pi@erosol surface area. [NJIO=

200 ppb, RH = 15 * 1 %, illumination time = 52 s, photon flux = (1.6308) 10
photons cnt s, in Nz at 295 + 3 K. Errors = showing variation in HONO signal.
The nonzero intercept was due to HONO produced from the walls of the system

without the presence of an aerosol surface.............ccccovvveeeei e, 111

Figure 4.2.HONO concentration measured at the end of the flow tube as a function
of the initial NG concentration, for the aesol surface area density of (1.6 + 0.8)

102 m?m3, relative humidity 15 + 1 %, photon flux (1.63 + 0.09).0% photons cm
251(290-400 nm wavelength range), reaction time of 52 seconds acdrher gas.

Each point is an average of up to 20 measargmat the same aerosol surface area
and NQ concentration. The highest average concentration of HONO measured for the
aerosol surface area density in this plot was 0.90 + 0.12 ppb a} f\&} + 5 ppb.

The x error bars represent the sum in quadratutieeoérrors in the Nand NQ gas

flows and the N@dilution. The y error bars represent. IThe SA varied over the

experiments at different N@oncentrations leading to a larger error in the quoted SA.

Figure 4.3. RH dependence of HONO production from illuminated J#@rosol
surfaces at 298 K in M\t 71 (black) and 170 (red) ppb initial N@oncentration.
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Aerosol surface area density was kept constant at (1.59 + 0163 m?m . Photon
flux = (1.63 £ 0.09) 10* photons crt s, illumination time = 52 + 2ecs. The error
DAIS rEPIESENMIL.......eecvvieevieeceteeectieee e ctte e e ette e et e e ete e s eneeteeeenteeeeseeeanreeeesessnnas 113

Figure 4.4.Monolayers of water on the surface of 7i@ 298 K as a function of %

RH calculagd using parameterisation by Goodman et al., 2001................... 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 ©.018 m
TTE 2 ettt ettt eeee et e ettt et et eeant e teete et et e eteabeeae e e nnteeneeteeteereereens 116

Figure 4.6.Pseuddfirst-order ratecoefficient for HONO productiork (open circles)
as a function of aerosol surface area for 200 ppb and RH=15+1 %, T=293 £
3 K and a photolysis time of 52 + 2 seconds. The red line is a-le@strsquared fit
including 13 confidence bands (dasth lines) weighted to bothandy errors (%), the
gradient of which yields 0 ¢© "O0 0 = (2.17° 0.09) 10°, with the uncertainty
representing ). The total photon flux of the lamp = (1.63 + 0.09).0' photons

Figure 4.7. Experimental results for the reactive uptake coefficient op MCform
HONO on TiQ aerosol surfaceg, 0 © "O0 0 Jas a function of initial N©
concentration. All experiments conducted indll 15 £ 1 % RH and 295 Khoton
flux = (1.63 £ 0.09) 10 photons cnif s?, illumination time = 52 + 2 seconds. The
uptake coefficient was determined from the gradient of the psBrstiarder rate
coefficient,k, versus aerosol surface area density varied fror0®4 nmtm3, using
EQUALIONEQ 4.5 ...ttt anaes 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 flavoe. The gradient and

intercept of the lamp off HONO dark trend was removed from the illuminated HONO

data values to ofkt any varying background.............ccccooiiiiiiicce s 123

Figure 4.9. Model 1 calculations for (a) the concentration of HONO and (b) the
reactive uptake coeffient to form HONO] 0 ¢© "O0 0 Uas a function of N©
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 e e e 127
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Figure 4.10. Schematic diagram of proposed ligtriven mechanism of HONO
formation via the adsorption of M@nd subsequent dimerization on an aerosol surface

in the presence of water. Loss reactions oNd@0dependent and independent of ANO

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 blao#gen shown in red and
hydrogen shown in blue. * denotes intermediate steps of the isomerisation of
symmetric NO4 to transONO-NO> which is then predicted to form HONO. Image
taken from Dyson et al., 2021.........cccoooiiiiiiiiiieeen e 130

Figure 4.11.Experimental values (open circles with error bars), Model 2 (green
line) and Model 3 (pink line) calculations for (a) HONO concentration after 52 s
illumination and (b) NQ@reactive uptake coefficierit, 0 ¢© "O0 0 JUas a function

of the initial NQ mixing ratio. The mechanisms used feese model runs included a

2:1 stoichiometric relationship between theN@sorbed on the Ti&aerosol surface

and the HONO produced, as well as additional HONO loss reactions which are
dependent on N£) see Table 1 for details. Models 2 and use an-Ridgal and
LangmuirHinshelwood mechanisms, respectively, for the formation of thedi@er

ON the AEIOSOl SUIMTACE. . .. e e 135

Figure 4.12. Dependence of the HONO concentration generated as a function of
aerosol surface area density for puresNBs aerosol (black open squares, error bars
represent 4) and 1:1 TiQ/NH4NOs mixed aerosol (red open cirsleerror bars
represent 4). Both experiments were performed in Bt 295 K, an illuminated
residence time of 30 s, and a lamp photon flu8dq + 2.39) 10'® photons crit s

1 The NHNO; only experiment was performed at ~50 + 5 % RH while the
TiO2/NHsNOs 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 DNO produced for the mixed nitrate dust aerosol was thought
to be due to the difficulties that arose from Ti@d ammonium nitrate not being

completely miscible with Ti@tending to precipitate out of solutian............... 140

Figure 4.13.Dependence of [HONO)] on the nitrate content within the aerosol phase,
calculated using the AIM model for the mixedrate/TiQ experiment. From the

gradient of this plot(pNOs) was calculated to H8.29 + 0.89) 10“s?. Experiment
XX



performed at 15 + 1 % RH, int 295 K with a lamp photon flux 0829 + 2.39)
106 photons crit st. For all points, théackground HONO seen observed without

illumination has been SUDIIACTEA. .........nveee e 142

Figure 5.1.First steps in the ozonolysis Bipinene. Te addition of ozone across the
double bond of}pinene creates a primary ozonide which breaks apart to a Criegee
intermediate (CI). The Criegee intermediate can then undergo ash#tkb form a

vinyl hydroperoxide (VHP). VHP can then rapidly lose aH @dical to form the
vinoxy radical (radical centre indicated by the black dot) which forms arr&iixal

when Q is present. Figure reproduced from lyer et al., 2021...................... 152

Figure 5.2.a) average particle number size distributions{gnb) average aerosol
surface area size distributions3m) and c) average volume size distribution $nm
cm®) of Upinenederived SOAs averaged overl® runs for each initialkpinene
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 = 23, + 2
Pressure = 760 TOIT... ...ttt e et e e e e ennn e e e eeenen 154

Figure 5.3.a) average particle number size distributions{rb) average aerosol
surface area size distributions3m=) and c) volume size distribution (fram3) on

2 different experimental days (purple circles represent day 1 and green circles
represent day 2), averaged ovek®runs, showing that reproducible size distributions
can be generated using the PAM chamber. Iriinene concentration = 9 ppmz O
concentration = 8 ppm. Total particle number was (5.07 + 0.0Zf cm® and (4.58
+0.03) 1P cm?, for day 1 (pink) and day 2 (turquoise) respectively. Total aerosol
surface area was (5.94 + 0.0410* m? m= and (5.68 + 0.06) 10 m? m?, for day

1 (purple) and day 2 (green) respectively. All experimental conditions kept the same.
Temperature = 24 + C, Pressure = 760 Torr. Errors shown afie.1............... 156

Figure 5.4.a) average particle number size distributions{nb) average aerosol
surface area size distributions{m) and c) volume size distribution (from?) of
limonenederived SOAs, averaged overl® SMPS runs, for fixed initidimonene
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, tempeature = 24 + 2C. Errors representil............cccceeeeeervvreennnn. 158
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Figure 5.5.a) average particle number size distributions{grb) average aerosol
surface area size distributions {m3) and c) volume size distributions (Aem?3) of
limonenederived SOAs, averaged overl® SMPS runs, for fixed ©Olimonene
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 ¢, flow rate = 4 Ipm. Errors represerit.1.....160

Figure 5.6.a) average particle number size distributions{gnb) average aerosol
surface area size distributions3m>) and c) volume gk distribution (nmcm?3) of
OH-initiatedlimonenederived SOAs, averaged ovell® 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 (blackg¢o@centration = 1.35 ppm,

RH = 14 *+ 4 %. Temperature of the chamber increased from 24C#@ 60 + 5°C

during the experiment. Pressure = 760 Torr, flow rate = 4 Ipm. Errors représent 1

Figure 5.7.a) average particle number size distributions{rb) average aerosol
surface area size distributions{m®) and c) volume size distributions (Aenm?3) of
OH-initiatedlimonenederived SOAs, averaged ovefld 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 oPAM chamber = 60 + 5C, flow rate = 4 Ipm. Errors represent. 1

Figure 5.8. Comparison of a) particle number size distributiem?), b) aerosol
surface area size distributions3m®) and c¢) volume size distributions (Aom3) for
Os-initiated (black circles, left axis) and GHitiated (red circles, right axis) limonene

SOA formation. Limonene concentration = 1.71 ppmc@ncentration = 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 alie. 1...............ccceeevvreceeeneeennee. 168

Figure 6.1.HO- signal decay with injector distandes, due to loss to the surface of
(NH4)2SQy aerosols in the flow tube. Aerosalréace area = 0.006 + 0.000Z m,
By plotting INnHG vst (calculated from injector distance and flow ratekom value
0f 0.11 s' can be CalCUIAtEd...........coecveeeeerie et 171



Figure 6.2. First order rate coefficients §') following Brown correction, as a
function of aerosol surface area?m?) for (NH4).SQu aerosols at 65 % RHed
circles) and 73 % RH (black circles). Error bars represéntGradients give "Ogof
0.037 £ 0.008 for 65 % RH and 0.010 + 0.002for 73 % .RH..........cc.vvvvnnnnne. 172

Figure 6.3.Comparison of FAGE signals with and without aerosols present. a) shows
the HQ decay signal as injector is pulled back from30 cm due to wall Iss (blue).

b) shows the equivalent with the presence of limordarered secondary organic
aerosols formed via ozonolysis. Shaded orange regions show the OH background
signal when NO flow and Hfnjector 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 t@OH background as possible. Blue shaded region shows the laser online
signal with NO flow and H@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) éing introduced via the injector inlet and decreasing the HO

concentration Within the floOwW tUD. .. ..o 174

Figure 6.4.FAGE OH signal (conts st) 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.1..................... 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 sighal, ie. wall

loss decay, decays from ~ 46@20 counts when the injector is pulled back from 30

T 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 whéar injec
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
condtion 1. NO background is the same for condition 2 and 3. Shaded orange regions
show OH background when NO flow and Hibjector lamp was off. Shaded red
regions show the NO background whenzigector lamp is off but NO flow is on at

50 sccm. Blue shaderkgion shows the online signal with NO flow and HO
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generation on. Shaded grey region shows laser offline. Naad present for this

L2 S 1= 1141 | USSP 178

Figure 6.6.Comparison of FAGE signal without aerosols present, with SOA removed
and with SOA present. a) shows the H@ll loss decay signal as injector was pulled
back from 30" 70 cm. b) shows FAGE signal with SOA removed by HEP&rfltvs

when SOA is not removed. It is possible that denuders do not fully remove any gas
phase RQ@ 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 HQ injector lamp was off. Shaded red regions show the NO background
when HQ injector lamp is offbut 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 regiomahitie online signal with NO flow and HO

generation on. Shaded grey region shows laser offline.................cccooeeee 179

Figure 6.7.Top panel shows theO dependence of HGignal (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 HOgeneration, between& sccm. Bottom panel
shows the dependence betweeh00sccm. Tpical experimental NO flow used to
convert HQ to OH in detection cell for the uptake of Hitnhto SOA experiments was

50 sccm, cell pressure was 1.3 Torr. Error bars repre§ent 1...................... 181

Figure 6.8.Compari son of FAGE signal a) before
after Acleaningd PAM chamber . Bl ue shade:
flow and HQ generation on with injector pulled back fromi3@0 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 whenihj€rtor lamp is off but NO

flow is on at 50 sccmirfterference B). This signal is should be 2&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 coums after the PAM chamber was cleaned.........cc.coooveiiiieeeienne.. 184
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Figure 6.9. Increase in interference B signal throughout an experimental day
providing stong evidence that interference is due to a build up/aging of products in
the PAM Chamber.........coooii e e 185

Figure 6.10.Example of HQ decay withinjector distance for wall loss experiment
(grey circles) and with the presence of limonedeeved SOAs (red circles, aerosol
surface area of 2.64 + 0.0 m®). Experiment done at 22 + 2 % RH............. 186

Figure 6.11.First order rate coefficienk ¢s?), after the Brown correction, plotted
against aerosol surface are& (m°) for limonenederived secondary organic aerosols
formed byreaction with Q. RH = 58%. Uptake coefficient of H®f 0.15 + 0.03

calculated from the gradient. Error bars represant.l............ccceeevvveiieeernennne. 186

Figure 7.1. Average median diurnal profile for measurementg(ofD) (s1), Oz
(ppbv), HONO (ppbv), NO (ppbv), NO(ppbv) and CO (ppbv) for the Summer
AIRPRO campaign. The dashed lines represent the ®B&iGentiles. Diurnals show

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

Figure 7.2.Average median diurnal for (a) measured (black) and modelled (blue) OH
radical concentrations, (b) measured (black) and modelled (red) reidcal
concentrations, and (c) measured (black) amodelled (green) total RQradical
concentrations. All model outputs shown are for MGlse runs. 2575" percentiles

in measured concentrations shown as shaded regions. Diurnals show 60 minute

averages, taken over the entire measurement period..............cccceveeeccivnnnee. 196

Figure 7.3.The ratio of measured/modelled for MCM_base for a) OH (blue), b) HO
(red) and c) R@(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 35" percentile.............ccovoveveeveeeeeeeece e 198

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

Figure 7.5.Average diurnal comparison of measured and modelled (a) OH, (b) HO
and (c) RQ values from both the MCM_base (light blue) and MQ}dinene (dark
blue) models. The diurnals show 60 minute averagesntakver the entire

MEASUIreMENt PEIIOM........ciiiiiii e e et e e e e eeaa e e eaeees 201
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Figure 7.6.The ratio of measured/modelled a) OH, b)4#@d c) RQfor MCM-base

(light blue) and MCMUpinene (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 fHiés*9ercentile...202

Figure 7.7. Average median diurnal of aerosol surface ared @nr) for summer

AIRPRO campaign. Averaged up t0 15 MiNS...........ouvvviuiiiiiimeeeneninien 204

Figure 7.8.Average median diurnal comparison between measured and modelled OH,
HO. and RQ values from both the MCMJpinene (blue) and MCMJinene_SA
(orange). All diurnals averaged at a time resolution of 60 minut&s735percentile

ShOWN @S AAShEA lINES. ... e 205

Figure 7.9. The ratio of measured/modelled a) OH, b) Hand c) RQ for
MCM_Upinene (blue) and MCMbinene_SA (orange) models binned over the range
of NO concentrations for the Summer AIRPRO campaign. Solid lines show the
median average radical concentrationsilevtdashed lines show the 35"

PEICENTIE. ...ttt 206

Figure 7.10. Rate of destruction analysis (RODA) showing the dominant loss
pathways of H@within MCM_Upinene 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{em?) against NQ (orange)
and NO (red) for the Summer Beijing Campaign............cccuuvvvrmrimemnneennennne. 210

Figure 7.12. Rate of destruction analysis (RODAhowing the dominant loss
pathways of H@within MCM_Upinene_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 HQ by uptake (%) as a function of NO / ppb is alsovalas solid black

line, with 28"75" percentile shown as the black dashed lines. Maximum percentage

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

Figure 7.13.Contribution of HQ + NO (orange), H@+ RO, (green) and H@uptake
(teal) loss pathways to total H®emoval in the MCMLUpinene_SA model as a
function of NO mixing ratio (log), calculated using rate dstruction analysis.

25"75" percentile are shown as dashed liNes............c.cooveevviceeeeceece i, 213
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Figure 7.14.Time series of measured parameters from BgiRIRPRO Summer
campaign used to calculate HOptake 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 measy@af*]e and [PM] beng at this
resolution.The calculated "O@ 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 ug3was used (solid black line, l¢fand

Figure 7.15.Relationship between the calculated [ALWGig nT° and the measured
relative humidity (RH) / % for Beijing Summer Campaign. [ALWC] calculatedgusin
ISOPROPRIA model. RH measured with a dewpoint hygrometer............... 223

Figure 7.16. Dependence of uptake coefficient on aerosol copperetration,
[Cu]?*e, focusing on the effect of varying [PM] with fixed [ALWC] and vice versa.
Pink lines show the effect on uptake coefficient of varying [PM] freB0%g nr

with a fixed [ALWC] of 10 g crti.Blue lines show the effect on uptake coeffitief
varying [ALWC] from 16500 ug m?® with a fixed [PM] of 5ug m. The copper
concentration range of ¥a103 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 m3 (fixed in parameterisation asich) and [PM] = 38.8 ug
Dashed black line indicates the average fGufor Beijing summer campaign while
the dashed red line indicates the average?Gupr the Wangdu campaign. Note that
the [PM] and [ALWC] are both higher for Wangdu campaigmpared to the Beijing
(07210 0] 0 T= 1o | o SO PPPPPPPP 225

Figure 7.17.Average median diurnal comparison for modelled a) OH, ) & c)
RO radicals from MCM_Upinene (blue), MCMLUlpinene_SA (orange) and
MCM__ pinene_SA (lilac) models. All diurnals are averaged at a time resolution of 60

minutes. 2%/75" percentile shown as dashed lines............c.cccveeveiveeeeeeeennne. 226

Figure 7.18.The ratio of measured/modelled OH, KHénd RQ for MCM_Lpinene
(blue) and MCM Lpinene_gamma (lilac) models binned over the range of NO
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1 Introduction

1.1 Atmospheric Warming and Air Quality

Two major concerns facing society in theZentury are climate change and air
pollution. Since the industrial revolution, anthropogenic emissions of species such as
carbon dioxide (Cg), nitrogen oxides (NQ andmethane (Ck) have been increasing.

CO,, CHs and water vapouare greenhouse gasehkich contribute to global warming
through their positive radiative effeetith water vapour being the largest contributor

to the natural greenhouse effedfiyhre et al.,, 2018 The relationship between
greenhouse gas concentrations and surface temperature since 1850 is $higune in

1.1
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Figure 1.1. Relationship between observations of land and ocean surface temperature, gre:
gas concentrations and sea level and thérapbgenic CQ@ emissions. a) Globally average
combined land and ocean surface temperature anomalies relative to the average over the
19862005. b) Globally averaged sea level change relative to the same period. ¢) Atmo
concentrations of rgenhouse gases ¢dgreen), methane (orange) and nitrous oxide (I
determined from ice core data (dots) and direct atmospheric measurements (lines). d)
anthropogenic Ceemissions from forestry and land use in addition to fossil fuel combubtiage
taken fromlPCC 2014 synthesis repdtPCC, 2014.

Radiative forcing is a measure of thet 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 wiglalgloyed metrics used to
examine how anthropogenic drivers contribute to climate chauvhgleré et al., 2013

An increase in greenhouse gases in the atmospldrether due to incesed

anthropogenic emission or as appoduct of increased temperature (for example,



increased water vapour concentrations with increasing atmospheric temperature),

hinders the loss ahfra-redradiation fromtheear t h 6 s

sur f actee t o

balance of incoming and outgoing radiation and ilegdo a warming effectthe

effects of which can be seen in the melting of the polar ice caps, extremenviéath

acidifying of oceansthe expansion of subtropical deseaitsd species extinction

(Forster et al., 20070ne 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 palits and aerosols are shown

in Figurel.2.

Radiative forcing of climate between 1750 and 2011
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Figure 1.2. Global mean radiative forcing taken from 2013 IPCC report. The effective rad

forcing (defined by the IPCC as the change in the net top of the atmosphere downward fh

allowing for atmospheric temperatures, water vapour and clouds) is sheetidasars whereas th

radiative forcing is shown as hatchkars for the period 1780011 Myhre et al., 2018

In addition to the warming of the atmosphere, increased anthrapageissions have

led to a deterioration in air qualitg: concern due to the serious long term negative

health effectseen as product of pooriaquality and the other main reason for having

a thorough understanding of atmospheric chemidigposure @ high levels of

pollution can lead to premature death from respiratigeases cardiovascular

diseases and canc@rauer et al., 203&akidou et al., 2017 As wdl as having a

negative effect on human health, a decreased standard of air quality can have

undesirable effects on the environmenglsas an increase in acid rain leading to an

S P



increase iracidic species soil which leads to damaged vegetation anddaction

in crop yield Forster et al., 2007

In many regions the three most important pollutants in terms of human health are
ground level ozone, NCGand particulate matteNOx (NO2 and NO) isreleased into

the atmosphere as a product of combustionsadnajor pollutant leading to poor air
guality and the formation of photochemical smhigrogen dioxide NO») is formed

by the reaction of nitrogen monoxide NO) with an oxidising speciesn the
tropospheresuch as HQ@ leading to the formation of the hydroxyl radi¢@H) (Ye

et al.,, 2017a NO; can also be directly emitted from high temperature combustion
enginesAn increaseNO: in the atmosphere and thereforgohotochemical smog has

led to an increase in respiratory problems such as astit@LC, 2014. In the
troposphere, the dominant oxidisisigeciesnvolved in the formation dlO. 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. Tropogpit 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 shokiagey, 2008.

In the short term, these pollutants can all cause shortness of breath and pain breathing,
coughing, throat irritation and inflamed pasitory tracts as well as increased risk of
complications for prexisting respiratory condition&inney, 2008.

Aerosols and particulate matter are also major contributors to poor urban air quality.

Aerosols are liquid or solid particles suspended in aagasave both natural and

ant hhropogenic sources with ©partobeihges bel ow
hazardous to human health. RMantravelinto the bronchi and cause lasting damage

to the inside of the lungblowever,m r t i cl es bel oewPNscangetm i n di am
into the bloodstream and cause damage on a cellular(IB&C, 2014. In 2016, the

WHO stated that indoor and outdoor air pollution was responsible for an estimated 7
million deaths globally, with 9bdethef the wor
air quality exceeds the WHO guideline limi(&BD 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 negativediative forcing effect.



1.2 Tropospheric Oxidation Chemistry

1.2.1 The HOxCycle

The hydroxyl radical (OH) and the closely coupled hydroperoxyl radicalk)HO
known collectively as HQradicals, are known for their role in the chemical oxidation
processes in the absphere 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 ozoggl(€vy, 1973 and as

asink 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
nane of the fAatmospheri c oaalsehagaeraletimthe Ho we:
formation of secondary pollutants such as tropospheric ozone and secondary organic
aerosols (SOASs), formed via the oxidation of volatile organic compounds (VOCSs).
Understandig the sources and sinks of OH, and H@ithin 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.qUiadity1G

cycle showing thenain production, loss and regeneration of OH is showfigare

1.3. Note the role of nitrogen oxides (NQvithin the HQ cycle. These pathways will
dominate in urban, high NCGenvironments.
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Figure 1.3. Schematic of the Hrycle showing the major production and destruction pathway
tropospheric oxidants, OH and HO
The OH radical is formed primarily from the photolysis afaa<340 nm followed
by the reaction of O'D) with H2O):

0 T www 0O O 0 R1.1

0 O ™09 ¢h™ R1.2

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

to reform Q via the reaction with diatomic oxygen:
0 O 0°0 0 0 R1.3

0 ) 0 0 00 0 R14

The OH radicals formed can then react with carbon monoxide (CO) to giveltHO
low NOx and VOC environments, around 70 % of OH formed will undergo this
reaction to form H@(Holloway and Wayne, 2030

00 609 O 040 R15

O 0 0 °© A 0 R16



OH can then be reformed by the reaction o:M@h Os:
W0 O © 0 ¢0 R17

In high NQ  and VOC environments, OH is lost viae reaction with methane or a
combination of VOCs to form peroxy radicals (BOThe formed R@radicals can
then reactvith NO to form RO radicals which then further react viéto form HG.

60 YO §° Y5 "Of R18
Y6 6060 YO 60 R19
Y6 O © Y605 00 R

1.10

Under high NQ conditions, HQis lost by the reaction with NO to regenerate the OH
radical, which can be lost through reaction with.N®@form HNOs.

06 660 60 00 R
111

60 66 © "0 R
112

The NQ formedyvia the reaction of HOor RO with NO, can then be photolysed to
form O €P) which then reacts with Qo reform the polluting troposphericsOThe
reactions of H@and RQ with NO arethe only pathwagfor net Q production in the

troposphere.
B R
00 ¢ wwwy OU U U 113
- R
0 0 0 0 90 0
114

In low NOy conditions, i.e. remote or rural environments however; R@icals can
react via a self or cross reaction, eventually leading to the formation of HO

YO YO O YO 01 € Qoo R 1.15
In addition to bimolecular self or cressaction, R@radicalscan undergo an inteor

intramolecular Habstraction leading to autoxidation the addition of @ following
a H-shift. Alkoxy, RO radicals, can also undergo ashift followed by Q addition, to



form a new RQwith one more oxygen than the previous Rl this way, highly

oxygenated molecules (HOMs) are formed.

The loss process of HGn low NOx conditionsis governed by the setéaction and
the reaction with R@ though the uptake of H®nto aerosol surfaces could also be

important inenvironments with high aerosol loadings
WO 00 O ©° 00 0 0 R1.16

YO O0©° YOO OO0 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_<400 nm. Previous studibéave shown HONO to be a dominatsmurce

of OH in the early morning especially due to longer wavelength light being prevalent
(Ren et al., 200®usanter et al., 200@lichoud et al., 201§ During a recent study in

Beijing Wintertime, HONO photolysis accounted for over 90 % of the primary
production of OH averaged over the d&ater et al., 2020yson et al., 2021 As

such, understanding therfoation 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 qualit

Concentrations of HONO in the atmosphere can range from a few pptv in remote clean
environmentgReed et al., 20)7to over 10 ppbv in more polluted aseauch as
Beijing (Crilley et al., 2019 Themain 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:
OO0 0O © 0000 U R1.18

OO0V wuw VO 00 R1.19

HONO has also been shown to be directly emitted by vehikledgnbach et al.,
200%Li et al., 2008, the rate of emission of which is generally estimated as a fraction
of known NQ (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 beingehegeneous 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 suvfagek (

et al.,, 200&hang et al., 200Ren et al., 20L50rgel et al., 2011¥ong et al.,
2012Young et al., 201Zhang et al., 201®swald et al., 201506rgel et al., 2015
These sources could involve pha@nhanced conversion of HNGo HONO on
ground surfacesZhou et al.,, 2008eorge et a] 2003, bacterial production from
nitrate sources found in sotb( et al., 201 Dswald et al., 20)3HONO formation

from the photolysis of particulate nitrate, postulated to be important in marine
environments George et al., 2006swald et al., 2013e et al., 2016{Reed et al.,
2017%Ye et al., 20174 e et al, 2017h, photolysis of orthesubstituted nitrophenols
(Bejan et al., 2006 and photesensitized reduction of NOon humic surfaces
(Stemmler et al., 2007; Zhou et al 201Rppid cycling of gaghase nitric acid to
nitrous acid via particulate nitrate photolysis in the clean marine boundarynager
experimentallymeasuredfrom aerosol filter samples collecteduring the 2013
NOMADSS aircraft measurements campaign over the North Atlantic Odeaet(

al., 2016bh. In addition to this grounlased masurements of HONO made at Cape
Verde in the tropical Atlantic Oceamé¢ed et al., 20)7provided evidence that a
mechanism for renoxification in low N@reas is requiredReed et al., 201 Ye et al.,
20173.

Recent model calculations depict a missing daytime source of HONO, not consistent
with known gasphase production mechanisms, direct HONO emissions or dark
heterogeneous formation i.e. prevalenthitigme sourcesA detailed HONO budget
analysiswas completedollowing the ClearfLo projectin Londonin the summer of

2012 which compared theneasured average daytime concentration of HONO, 0.4
ppbV, to the output of a zemimensional model using the ddter Chemical
Mechanism(MCMv3.2) including the following HONO soges: direct emission,
photolysis of ortb-substitded nitrephenols the proposed reaction of HOH>O with

NO., photolysis of adsorbed HNOon ground and aerosol surfaces and the
photosensitized conversion of M@ 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 @BV suggesting a current lack

of understanding in additional heterogenous sources of HONO produ@tioelation



studies showed, as has been suggested previously, thas#eg sources bothlight-
driven and dependant on the NEbncentration Kleffmann, 200Michoud et al.,
2014Spataro and lanniello, 2014e 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 undersid the effect pollutants have tire atmosphere

in orderto accurately predict the lifetime tdfelonger lived pollutants which impact
climate and air qualityGBD 2015 Risk Factors Collaborators, 2Rp1&tmospheric
models can therefore be utilised in a predictive capacity to mitigate anthropogenic
effects on the environment. Comparing field datenodel 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 statel above, recent model calculations unrgexdict the concentration of HONO
suggesting a missing daytime source of HONO. Numerical chemistry models also
have a tendency to over predict H&pecially in low N@conditions due perhaps to

lack of understandmof heterogenous uptake of kiGnto aerosol surfaces.

1.2.4 Short Introduction to the Thesis

This thesis will address the role of aerosols in thepi@se composition of the
troposphere through the experimental study of the uptake and production of HONO,
HO2 and RQ onto atmospherically relevant submicron aerosols as a function of

temperature and relative humidity.

Specifically, the production of HONO from Tigsinglecomponent and mixed aerosol
surfaces will be investigated and the mecham&farmation mod#ed using a kinetic

box model. The uptake of H®nto limonenederived secondary organic aerosols,
formed via both ozonolysis and OH oxidation with an oxidation flow reactor, will be
also reported. Lastly, HOuptake modelled using a new parameterisatidh 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 Sectiod.l, 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 atmospAaréncrease in
aerosols in the atmosphere will also have an indirect effect on climate and global
warming: &rosols can act as cloud condensation and ice rleatiing to a change in

the single scattering albedo. Aerosols can also dfiecibundance drspread of trace
gases by both heterogeneous amultiphase processes. Thaigo have a role in the

spread of pathogens and other biological organisms.

Aerosols aresuspendegbarticles, typically between 1 nm and 100 um in diameter
which can be classeadhto different modes depending on their sigikown inFigure

1.4. The most abundant aerosol mode in the atmosphere is known as the Aitken mode
consistingof aerosols below 0.am in diameterBetween 0.1 and 5 um, aerosols are
known as the accumulation moaeéth any aerosols betweeri 1L00 um being known

as the coarse mode. Accumulation mode aerosols are generally formed from the
growth via coagulationrocondensation of ultrafine particles whereas coarse mode
aerosols are formed from mechanical gene]
as erosion Pdschl, 200p Example aerosol surface area and particle number size
distributions typically measured during the 3i6ONO experiment are showin
Figurel.5.
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Aerosols are also categorised as either primary or secondanarfPram@rosols are
emitted directly into the atmosphere while secondary aerosols are produceetdsy gas
particle conversiorExamples of primary aerosols include sea salt, biogenic aerosols,
carbonaceous aerosols and mineral dust. Secondary aerosols sudhndge aerosols,
secondary organic aerosols formed from the oxidation of volatile organic compounds
and nitrate aerosol®86ucher et al., 20)3Aerosols 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 atmospiayae,

2000. Due to a larggroportionof t he wor | dbés inthdnodherny bei
hemisphere, erosols formed from combustion prodycssich as black carbon and
sulphate aerosolsre prevalent therePrimary orgarg aerosols can be produced by
wildfires or biomass burning, a phenomeravalent inAfrica and South East Asia.

In comparison, iegenic production of aerosols occurs as a result of natural
phenomena such asandstormsvolcanos and sea spray. A large comgnt of
atmospheribiogenicaerosols is mineral dusspecially around the equatorial Atlantic
where darge component of aerosagsSaharan dusP@schl, 200p

In the atmosphere,ag phase chemistryan lead to the formation of oxygenated
volatile organic compounds (VOCs), which then condetts the aerosol phase.
Aerosols formed in this way are known as Secondary Organic Ael(&Dhs) and

can be formed via several different pathways: firstly, new particle formation where
semtvolatile organic compounds (SVOCs) are formed and go on tw allzleation

and growth of new aerosol particles; secondly, the formation of SVOE€isheygas

phase reaction or uptake onto existing aerosol or cloud particle surfaces and lastly, by
heterogeneous reactions forming low or ivattatile compounds by cheoal reaction

with VOCs or SVOCs at the surface or inside the bulk of existing cloud or aerosol
particles(P6schl, 200b

Aerosol loadings in the troposphere can typically vary betwedne~g - and
100¢ g “*tmough higher loadings have been observed during pollution events in
megacities $einfeld and Pandis, 20p@®uring a measurement period in Beijing in
January 2013hang et al., 201#eported concentrations of submicron aerosols of up
to 423¢ g 2 comprised of organic aerosols (50,%ulfates (22 %), nitrates (14 %),
ammonium (10 %) and chloride (4 %). In comparison, during the ClearfLo campaign
in London in 2012, SOA levels peaked at €1§ 3 (ts 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 availabliplyzse water, due todh
hygroscopicity of the aerosdHygroscopicity is typically defined as the ability of a
substance, such as an aerosol particlgdsmrb orabsorb water as a function of
relative humidity (RH) Xu et al., 202D 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 vapasr 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 crystalgrang 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 O
% correlates to a totally dry atmosphere, sastover a dry desert. The amount of
water that an aerosol particle can contain depends on the RH, temperature, chemical
composition and size of the parti§oon et al., 2018u et al., 202D

The water content of agueous aerosols is controlled largely by the RH of the
atmosphere. The RH dictates the proportion and the size okewsed 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 temperatiard
Tabazadch, 2002As the RH increases a point is reached where, depending on aerosol
compositon, 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 tecmgstallisation 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 sdid 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

ard 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 Rglure1.6 shows an example of

a sea salt aerosol deliquescence curve.

2.5 . T . . 7
n NaCl (nebulizer) ,:/
NaCl (nebulizer) fit /
v  Sea salt (chamber) /
Sea salt (chamber) fit /
ot Sea salt (nebulizer) > / i
Sea salt (nebulizer) fit 7 Jif
0 — — — NaCl theory 4
T D, 4ry=100 nm !
> _ |
15F | | .
I I
I Y
| v T
¥ vY |
1—‘-'—|————T——-i—l—l——-—l—lJ L
0 10 30 50 70 90
RH (%)

Figure 1.6. Deliquescence curve for NaCl showing the hygroscopic growth fagteersus RH at
a dry diameter of 100 nm for NaCl from a nebulizer or sea spray chamber. Image tak&refferr
et al., 2017

1.4 Heterogeneous Production of HONO from Aerosol Surfaces

Previously, ambient aerosolave 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 importanof aerosol surface area is still debated
with respect to the heterogeneous formation of HONI& dependence of HONO
formation on light and aerosol surface area is often expressed by calculating.the NO

reactive uptake coefficierit,

The dark hetrogeneous formation of HONO is known to occur via the uptake ef NO
on aerosol, ground or canopy surfaces. The main source of HONO in dark periods is
the hydrolysis of N@to produce gaseous HONO, leaving HN&lsorbed to the
surface, shown iR 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(FinlaysonPitts et al., 200Ramazan et al., 2004bustafsson et al., 2006

QY] 00 0 00 B ‘00 0 R 1.20

Heterogeneous production of HONO from surfaces and coated wall experiments have
been mor¢horoughly studied, especially relating to the hydrolysis reaction efddO
surfaces coated with HNGn the dark. Heterogeneous production from aerosol
surfaces under illuminated conditions are less well studied however. Several studies
have been condusdi on a range of atmospherically relevant aerosols such as
secondary organic aerosols, humic acid anc TBDOske et al., 20Q&ustafsson et

al., 2006Stemmler et al., 200Dupart et al., 2014

1.4.1 Humic acid

Humic compounds are formed from the degradation of biological matter and are the
most abundant organi c Stementeieead, 2€)riDudthhv e Ear t hdo s
soil abrasion and biomass burning, humic matter is likely to exist on airborne surfaces.
Aromatic compounds foundnibiomass burning aerosol may undergo oxidation
processes that lead to hurfike substances (HULIS). HULIS are high molecular
weight organic compounds found in atmospheric particles, fog and cloud water and
are known-l iale @ hd ume c ttogrduldenariee homiid sabstanteg
(Zheng et al., 2003 HULIS are of interestlue 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 propertieKiss et al., 200Dinar et al., 200Fan et al.,, 2012
Possible sources of HULIS include sdfifhoneit, 1980 plantsSalma et i, 2010,

ocean Krivacsy et al., 2008 biomass burningSalma et al., 2@tKuang et al., 2015

coal combustionTan et al., 2016 oil burning in shipping Kuang et al., 2015
vehicular emissionsyamanokoshi et al., 20)14nd secondary formatioKijvacsy et

al., 2008Kuang et al., 2015

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

coefficient on NQ concentratia in this study is shown in the insetfgurel.7.
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Figure 1.7. Dependence of HON@rmation on NQ concentration on humic acid aerosol (fille

circles, 26 % RH) and humic acid coatings (empty circles, 21 % RH). The inset sho\
dependence of the reactive uptake coefficient on d&centrationlmage taken from Stemmler «

al., 2007.

The HONO production from humic acid aerosols increases rapidly wita NO
concentration until a plateau is reached. This is typical of a Langtmshelwood

type process where a reactant saturates the surface fully leading to a levelling off of
product production with increasing reactant concentration. For Langmuir
Hinshelwoodprocesses 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 dimen@nn et al., 2003

The production of HONO was observed not to increase linearly with lamp flux
potentially indicating that any photeduced species formed on the surface may
deactivate via the reaction with phaigidants, this reaction being in competition with
the reaction of N@ The lifetime of the reduced species must then be decreasing with

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

00 0 A R1.21
0 ® © Oce R1.22
0 00 O @® 0000 R1.23
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1.4.2 Titanium Dioxide

It is estimated that 1608960 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 mixingtios from 0.110 % depending on the location of particle
suspensiorfHanisch and Crowley, 2003 Under UV irradiation g< 390 nm) TiQ
promotes arelectron Q2 ) from the conduction band to the valence band leaving

behind a positively charged hol€( ) in the valence bancChen et al., 2012

Yy ™y O :
Yy e Q R124
which can lead to reduction and oxidation reactions of any surface adsorkgthgas

species, such as N(potentially leading to the formation of HONO.

In previous studies HONO has been observed as a majghgasproduct of the
reaction of NQon TiO, aerosol surfacesSustafsson et al., 20Bupart et al., 2014
Gustafsson et al., 20@6und thatupon irradiation of TiQaerosols, significant HONO
production and subsequent N@epletion occurred. In this study, the rate of photo
induced HONO production was ~ 75 % of the total-NM@nsumption, leading to the
conclusion that photo induced producti@hnHONO via the reaction of NO+ H.O
(R 1.20) was not being observed; based on the stoichiometry of the reaction, half the
HONO to the rate of N©consumption should be produced. Gustafsson et al., 2006
showed the rate of the light induced reaction obN®pure TiQ aerosols depended
on relative humidity, emphasizirguperhydrophilic nature of Ti@ surfaces under
UV irradiation. Dupart et al., 201dlso observed a dependence of uptake of &0
relative humidity onto Ti@containing aerosols, however the reported HONO vyield in
this study was lower at 30 %, with the main gas pimasducts measured being NO
and HONO for experiments with 110 ppb Ndde perhaps to Ti@only being a small
percentage of the mineral dust aerosols this study focused on in comparison to single
component Ti@ aerosols used iGustafsson et al., 200@®upart et al., 2014
postulated the following mechanism of HONO production, which is consistent with
the formation of the N@anion seen in a previous study on T&DrfacesNakamura
et al., 200]:
Q O°0 00 R 1.25
R 1.26
60 0 A0 R 127
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In the study by Dupast al.,2014 the reactive uptake coefficients of N@ere found
to be strongly dependent on NEbncentration showing, as with the production from
humic acid aerosols, a Langmitiinshelwood type behaviowcharacterised by the
adsorption of N@onto the surface followed by chemical reaction, seen as a decrease
in uptake coefficient with increasing N@s the surface becomes saturated. The
dependence of the uptake coefficient on the Sldhcentration repaeti byDupart et
al., 2014 is shown irFigure 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 Ng&» HONO onArizona test dust as a function of k¢
initial concentration for coated flow tub€FT, black) and aerosol flow tub@FT, red)

experiments. Figure taken from Dupattal.,2014

1.4.3 Particulate Nitrate Photolysis
Photolysis of gaseous HNGs known to be aelatively slow process, with a rate
coefficient of ~7 107 st under tropical midday conditionBiflaysonrPitts and Pitts,

2000. Since HNQ is efficiently lost by wet removal in the lower atmosphere,
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formation of HNQ s considered to be a termination step of reactive nitrogen in the
troposphere. However, photolysis of surface adsorbed Hi® been found to be
much faster, with rate constants from 1.0°7 3 102 s? reported for both natural

and artficial surfacesZhou et al., 200Zhou et al., 20LYXe et al., 2016aPhotolysis

of particulate nitrate, pN& has recently been postulated to be a source gbluyzse
HONO in the atmospher&lfang et al., 20QReed et al., 201Ye et al., 2017X e et

al., 2017h. Several studies have reported much faster photolysis of nitrate within

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 HNO

photolysis in marine boundary layer conditioi (et al., 2016p

Jrer

A 060060 R130
Rapid cycling of gaghase nitric acid to ggshase nitrous acid via particulate nitrate
photolysis in the clean marin®undary layer was proposed as a source of HONO
during the2013 NOMADSS aircraft measurements campaign over the North Atlantic
Ocean Ye et al., 2016pwhere offline aerosol filter samples were taken and pNO
photolysis rate was determined using laboratory experiments of@irmindbased
measurements of HODImade at Cape Verde in the tropical Atlantic Ocean provided
evidence that a mechanism fornmexification in low NQ areas is requiredReed et

al., 2017Ye et al., 2017n

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 Secfid 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 aoé water can lead to inhibition of surface reactions.
In a study byStemmler et a).2007, the HONO production from humic acid aerosol
surfaces was investigated up to 88 % RH. In the humidity range@d 20the uptake

of NOz onto the humic acid aerosolsas constant, appearing to drop off after 60 %,
shown n Figurel.9.
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Figure 1.9. Dependence of reace uptake coefficient of N HONO on the relative humiditpn

humic acid aerosol (left axis) and humic acid coated walls (right.&&ilfd circles represent th

uptake coefficient measured on humic acid aerosols at 25 ppbvN&eas the emptyircles

represent the uptake coefficient on humic acid coatin@®atpb NQ. Image taken from Stemmle

et al, 2007.
The increase in water adsorbed to the surface and in the aqueous phase with increasing
RH could counteract the reaction of N several ways leading to a decreased
production of HONO: firstly, N@may be more soluble in the presence of dry humic
acid meaning an increase in RH leads to a decrease inr\@e particle phase;
secondlyGysel et al., 200dbserved 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 N@o form HONO; andastly, an increase in the surface
concentration of water could inhibit the reaction between electron donor and acceptor
and therefore the formation of HONGysel et al., 200&temmler et al., 2007

In comparison, production of HONO from Ti@erosol particles has a much lower
peak in uptake of N@as function of RH. A study bgustafsson et al., 20GHhowed

a negative correlation between HONO formation rate coefficient and the relative
humidity which was explained by thiacrease water adsorption inhibiting NO
adsorption and/or electron/hole transfer processes at thegagnterface. This could
also be exacerbated by the supgdrophilic properties of Ti@surfaces under UV
radiation Gustafsson etla 2009. The uptake coefficient as a function of RH
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observed in this study is shown kigure 1.10. This thesis also covers the RH
dependence of HRO production from N@on TiO; surfaces, the results of which are
described in detaih Sectior4.1.2
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Figure 1.10. Dependence of the uptake coefficient of RGIONO from TiQ aerosols or
RH. Image taken from Gustafssenal.,2007.

1.6 Mechanism of Heterogeneous Uptake of HEbonto Aqueous

Phase Aerosols

1.6.1 Resistor Model

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

i) Gasphase transport of a reactant to the suréddbe 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) Desorptionof the species from the liquiblid interface

This mechanism is depicted kiigure1l.11.
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Figure 1.11. Processes involved in the uptake, reaction and desorption of a gas phase molec
liquid droplet. Imageeproduced frontHolloway and Wayne, 2010
The resistor model gets its name from the analogy of resistance in an electrigal
The essentials of the resistor model can be describEd byl where each step in the
process is treated in terms of conductance, normalisatietaate of gas phase
collisions. Note that resistance is equal to the reciprocal of conductnteygon
Pitts and Pitts, 2000

P PP P
r 3 | 3 3

Eqll

where 3 is the conductance associated with the-gfesse diffusion to the
aerosol surface3 is the conductance associated with the solubifity, is the
conductance associated with the reaction in aqueous bulk of the aerosaf the

uptake codicient of HO, and| is the mass accommodation coefficiein(ayson
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 coeffici2g)t dnd the gasurface
collision frequency. It can be assuntbdt 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 causeédgitional 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). Thereforéhe rate of accommodation is limited by the diffusive flux
towards the aerosols as gasase 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 ghs phase molecules surrounding the surface of the aerosol
are not replaced sufficientliMpoon, 2018. For large particles or very rapid uptake
processes the gas diffusion process can be the limiting factor tol ayeekle Tang

et al., 2014pthough for atmospheric aerosols with a diameter of pthdyas phase
uptake tends to be limited mostly by the free molecular collision Jatob, 2000

The conductance associated with the gas phase diffusion ofdigperse spherical
particles can be calculated using the Fushgugin relation(Eq 1.2) (Fuchs and
Sutugin, 197fHanson et al., 1996

p ™ L T] oW

. 5o o Eql2
where Knudsen numbay, , is defined as
0 g Eql1.3

wher€O is the gas phase diffusion coefficient@t),] is the mean molecular speed
(m st) andi is the surface area weighted radius (m). A method for calculating gas
phase diffusion of polgispersed 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,| . Thereforepj| is the interfacial resistanc€iflaysonPitts andPitts,

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
3 , the liquid phase saturation limitation. This is governed by diifusion
coefficient within the liquid/O. 3 can also be written in terms of the diffusion

coefficient:
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Eql4d

where] is the average molecular spegd s'), Oi s t he Henryos |

(M atm}), "Yis the gas constant (mbL atm K1), “Yis the temperature (Kjis the
gasaerosol interaction time (s) an@ is the liquid phase diffusion coefficient
(m? s1) (FinlaysonPitts and Pitts, 200Matthews, 201}4.

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 exprtsseshown ieq 1.5.

® 0On Eql5

where & is the concentratioof gas (moleh®) X, 0 i s t he Henryos |

(m?® mol* atni?) for the gas and 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 cars 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
interfacil layer but ifit is slower tha 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 readiffusive length and is defined iaq 1.6. The
conductance of the reaction in the bulk is expressdehifi.7 (FinlaysonPitts and

Pitts, 2000Moon, 2018

. (0]
a ~Q— Eq 1.6

P p
3 TOY'YOQ Eql.7

where is the average molecular spe@a st), O is the diffusion coefficient in the

ageous phase fs?) and’Q s the rate constant for the reactiol)(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 adresdace, adsorption and diffusion
in the bulk need to be considered in the uptake. As such the uptake coefficient can be

written as:

PP b 18

3 3
As such the uptake of a species, into the aerosol will be controlled by the mass
accommodation) 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

spedes the uptake coefficient will tend to zero.

If the species is reactive, such asi1&s shown irEq 1.1, the uptake coefficient can

be limited by thenass 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
aerosollf 3 is much faster thaa then3 can be removed from the equation

for simplification. Conversely if the solubility if much slower than the reaction in the

bulk thenEq 1.1 can be written as:

PP P P
3 | 3 qug

1.6.2 Self-Reaction

On entering the aqueou$gse within a condensed aerosol without the presence of
transition metal ions, given HQ molecule is most likely to react with another HO
molecule or with its conjugate base; (hornton and Abbatt, 20Q0bhornton et al.,
2008. Hanson et al., 199@roposed that the formation ob@k via the seHreaction

was relatively slow meaning that it is only favoured at higher concentrationsof HO
The following mechani®, shown inR 1.31 - R 1.35, was proposed to expfathe

mechanism of H@selfreaction Jacob, 200D

@ z A R1.31
Q@ z O 0 R1.32
oy oy W "Ob B R1.33
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where kri3s is 8.6 x 10° Mt st krizsis 1.0 x 10° M? s? and kriss is
1.5 x10° M* s (Thornton and Abbatt, 2005

The mechanism of sefeaction proposes that mass@mmodation of gaseous HO
into the aerosol is then followed by the pH dependent partitioning efdfoXo H' aq)

and the conjugate base of H@, @, H202 has been observed as a product of the
HO: selfreaction on sea salt aerosol®khovitskaya et al., 2009In a study by
Thornton and Abbatt (2008) the known pathways for. H@s were studied and the
uptake coefficient of Howas found to be strongly dependent on particle phase, size,
temperature and pH for the HQelfreaction loss pathway, further discussed in
Sectionl.8.

The mass accommodation coefficient or the sticking coefficient, , is the
probability that gaseous HQvill be taken into a surface layer tife aqueous bulk
aerosol upon collision. The mass accommodation coefficient has been measured over
a range of acidic and neutral pHs with value§ of ranging from 0.1 1.0.
Mozurkewich et al., 198Was the first to measure the mass accommodation ceetfici

for the loss of H@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
repored a measured  of 0.4+ 0.3 on Cu(Il}doped (NH)2(SQu) aerosols. A study

the same year reviewed the kinetic data for heterogeneous reactions in the atmosphere
suggesting should be >0.5Ammann et al., 2003 Due to the varied nature of
experimentally determinedhlues of , 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 (ll) or
Fe (IlI), a different mechanism, compared ttee selfreaction, is in operation.
Mozurkewichet al.,1987 were the first to conduct experiments designed to measure

the mass accommodation coefficient, in the presence of Cu (ll) ionCopper
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acts as a catalyst to speedthe reaction of H@to give HO-. and Q, shown below
in R1.36- R 1.39 (Thornton and Abbatt, 2005

8
Qb 60  uluuuuuuy O 80 o R 1.36
o w 8 8 v o
0 66 w6 0 o R 1.37
Q) 86 00wl 00 6 6 o) R1.38
0 60 COU  uwluuuuy 00 60 ¢l O R 1.39

The reaction of HOwith 6 6 R 1.36, can be rate limiting under acidic conditions
with kr13=1.2 10° M1 st The reaction of the conjugate bage, with ¢ 6

howeverR 1.37 andR 1.39, is rapid in comparison witk >1 10° M s!(Thornton
and Abbatt, 2005)

At high concentrations of coppéhe overall rate of Heuptake will be controlled by
the mass accommodation coefficient dudrémsport processes rather tHamiting
factors such as solubilifGeorge et al., 20)3However, oncentrations of Cu (Il) are
not typically high enough in the troposphere fusioss mechanism to be significant,
aside from regions where mineral dust is preval€hbrnton and Abbatt, 2005The
studies oMMao et al.,2013and Thorntoret al.,2008 were both in agreement that the
uptake coffficient of HO> via transition metal ion (TMI) catalysis becomes
insignificant for copper concentrations < 0“4 M (Thornton et al.2008Mao et al.,
2013.

In comparison, the uptake of H@ the presense of Fe (ll) is believed to proceed via
a mechanism shown R 1.40- R 1.43 (Jacob, 2000)

Q) "0Q 00 uiwuuuy 00 m 00 R1.40
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It is worth noting that the rate coefficients for the destruction of iHGhe presence
of Fe (Il) are significantly slower than those in the presence of Cu (ll). Several studies

have shown that including28. as the major product of HQuptake onto aerosols
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leads to an oveprediction of HO, compared to field observationde( Reus et al.,
2005Mao et al., 2010aMore recently a catalytic redox coupling mechanism has been
proposed by Maet al.,2013suggesting that aerosols containing both Cu (ll) and Fe
() could lead to the production of.B as a product of HQuptake rather than ..

0l 86 © 0 86 ¥ R 1.44
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Following the formation of Fe (lII)Mao et al., 201®roposed 3 possible reaction steps

leading to the formation of water H>O:
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Mao et al., 2013 proposed a new pathway initiated by the uptake of gas phase HO
onto aerosols followed by the &e redox mechanism described above, leading to the
sustaining of [Fe (II)] overnight over the open ocean. This can also dominate Fe (lll)
reduction at lower concentrations of Fe @ddjalate complexes. This enhances OH
production via the Fenton reaction which is sustained by the influx offié@ the

gas phase (Mao et al., 2017).

1.7 Mechanism of Heterogeneous Uptake of H&onto Solid
Aerosols

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

study byTaketani et al., 200&e uptake coefficient of H{nto dry NaCl aerosol
surface at 20% RH was seert@be< 0.01 When the RH of the system was irased

to 75 %, and therefore pushed past the deliquescence point of NaCl, the uptake
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coefficient increased to O(Taketani et al., 2008 Similarly in a study byGeorge et

al., 2013the uptake coefficient of HOonto dry NaCl at 33% RH was <0.004
compared to the uptake coefficient of 0.01 for RH betweend% RH. Despite this,
uptake of HQ 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 reactionsafrHfdy aerosol
surfaces can occur: tiigey-Rideal and the Langmukliinshelwoodmechanismsin

the EleyRideal 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 LangmuirHinshelwood mecinism 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 surfa@axter and Hu, 20021t is accepted that the
majority of surface catalysed reactions, the Langhliishelwood mechanism is
preferred with there being very few systems where it can be conclusively shown that
the EleyRideal mechanism is operatindAtkins and Paula, 2005 The two
mechanisms are representedit.54to R 1.57.

Eley-Rideal
A + surface)© A-surface, R1.54
A-surface,) + Bi)© A-B)+ surface, R 1.55
LangmuirHinshelwood
A-surface,)+ B-surface)© A-B-surface, R 1.56
A-B-surface)© A-B) + surface, R1.57

It is not known which mechanism the Li€elfreaction occurs via as neither has been
confirmed through kinetic observations. It is difficult to test which of these
mechanisms is occurring as they are usudlifferentiated by changing the
concentration of either A or B. For the Langmidinshelwood mechanism it would

be expected that increasing the concentration of A so that [A]>>[B], would decrease
the rate ofthe reaction whereas it would not affect theerat reaction if the Eley
Rideal mechanism was occurring. However  id@take results ifl20O2 as the product
suggesting that both A and B are H®aking distinguishing which mechanism is at
play very difficult Matthews, 201}
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The surface coveragg) of an aerosol can be given by the Langmsmtherm. The
rate of change of surface coverdge due to gas phase adsorption to the surface is
proportional to the partial pressure ofgfand the number of vacant sites on the
surface N(1- g), whereN is the total number of sites:

%c‘) 0 nNop g Eql.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:

3 ko) 0g Eq1.11
Qo q-t

Assuming equilibrium, i.e. rate of surface coverage due to adsorption and desorption

are equal, gives the Langmuir isotherm:

07 Eq1.12

wherev is the equilibrium constant for the adsorption/desorption reaction of A with
a surface and has a negative dependemcéemperature and binding energy of
adsorption ang is either the gas phase pressure or, alteelgt the concentration of
species AAtkins and Paula, 20Q05Therefore, fronEq 1.12, as the concentration of

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

1.8 Factors Affecting the Uptake of HQ onto Aerosol Surfaces

Previous parametisation has led to an understanding of the dependence of the uptake
of HO> on environmental and chemical parameters, allowing a more accurate
representation of heterogeneous processes includiagnH@merical models. Better
understanding the factors afteng the uptake and production of EHGN aerosol
surfaces will allow more accurate model predictive capacity and therefore better

comparison with field measurements.

1.8.1 Aerosol pH

HO2is a weak acid at rootemperature with a pKa of ~4.7 meaning thatstblebility
and reactivity of HQis dependent on pHhornton et al., 2008 Due to the #ect pH
would have on the equilibrium of the dissociation reaction o KCts conjugate

base, @, both the H@selfreaction and the reactions catalysed by TMI are dependent
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on pH.When the aerosol is more acidic, lesshl enter the aqueous aemphase

due to Le Chatelierds principle thereby forc
Above a pH of 4, the solubility dflO2 is higher which leads to a decrease in the

evaporative flux of H@ out of soldion. An effective Henrys law constant can be

defined to account for increased solubiliffhiornton and Abbatt, 20Qbhornton et

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

O kO] p Kol Eq1.13

where0 is the equilibrium constani) is the physical Henrys law constant and
'O is the effective Henrys law constai© increases exponentially with

decreasing temperature.

1.8.2 Temperature

The acidbase dissociation of HQspecifically the solvation reaction of Hg) to

HOx(aq) is highly temperature dependektacintyre and Evans, 201.1The solubility

of HO, changes significalyt with temperature meanirthat temperature has an effect

on the uptake of H@onto aerosolg-or a given a@sol pH, aqueous H&hemistry

is very sensitive to temperature fluctuations With showing a strong inverse
temperature dependenatich can be explained bine variation with temperature of
Henrys Law constant for a gas in a liquid. A gas hagyher 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 syskaming this process heat is released as
the dissolution of a gas in a liquid is an exothermicggscincreasing the temperature
therefore will lead to the systenwvfauring the endothermic procesise return of the
speciestothegasphadeue t o Le Chatelierés principle wh
counteract a change in the system so as taltha system back into equilibrium.
Thereforewith an increase in temperature there is a decrease in solubility as the system
moves to corret the increase in temperature leadindess collisions of H&Owith

aerosol surfaces and therefore a decredse in(Thornton et al., 2008

1.8.3 Relative Humidity
The effect of RH on the uptake of H@epends on the composition and phase of the
aerosol in question. Salt aerosols, for exangileuldhave a higher when in a

deliguesced 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 thsaecidity and
increase the aerosol surface area thereby increasing the solubility of ifzéiMe

potential for collisional reactions.

Some studies however have shown #raincrease in water content of the aerosol can
have a detrimental effect ohe uptake of H@ In a study byRemorov et al., 2002@n
increase in relativeumidity led to a decrease in radical uptake onto NaCl aerosols
suggested to be due twater adsorption competing with H@dsorption thereby
decreasing the number of free sites available for radical adsorption and relaction
opposition to this, a studyybraketani et al., 2008howed an increase in  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% RA similar study byGeorge et al., 20131 NHsNO3
aerosols showedo observable effect on  with an increase in relative humidity
other than potentially increasing the loss rate ok Othe walls Observed uptake
coefficients of H@for NH4(SQs)2 and NaCl in both dry and aqueous forms as reported
by multiple studies are shown kigurel1.12.
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Figure 1.12 Dependence of Hfuptake coefficient on relative humidity fa) dry andaqueous

NH4(SQ»). aerosolsand b) dry and aqueous NaCl aerosadsa function of RHUptake coefficient
values taken fronThornton and Abbatt, 200baketani et al., 2008ndGeorge et al., 2013

A study conducted on polystyrene latex particles sought to investigate the relative

humidity dependence by usingarticle which would not change size wéhincrease

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 phas@&dketani et al., 20)0The positive dependence on RH seen on

PSL particles observed was speculated to be due te-#KH{®complex forming under

high RH which could explain the dependence if uptake of-H&D is more efficient

(Taketani et al., 2000 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 ceaarosols. In a

study byLakey et al., 20168 for Cu(ll) doped sucrose aerosols was equal to the

mass accommodatn coefficient,| T® ¢ T8t fat 65% RH but decreased to

[ 1@t p ¢ 18 1T yupon decreasing the RH to 17%t high surface water
concentrationotal uptake is driven by reaction in the bulk aerosol near to the surface
and is limited by mass accommodatiAt 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 HOptake from occurring rapidly. With an
increase in RH, once the viscosity is reduaed the reactdiffusive length increases,
uptake of H@ can occur readily at the surface and in the 1seaface bulk of the
aerosol.

In the Lakeyet al.,2016 study, the reacttiffusive lengths of HQwere seen to be
between 47 nm at the highest RH of 65 % decreasing to between ~0.086m at

the lowest RH of 17 %, shown kigurel.13. These reeto-diffusive lengths are much
smaller than the diameter of aerosol particles sedhis studyshowing that HQ@
radical reactions were limited to the outer molecular layers of the particle before fully
reacting awaylLakey et al., 2016a

= ~ 5 32 2 -1
Diffusion coefficient/ cm” s

10" 10" 10°
(a) ] |“| LILRRLLL | LLRALLLL IR | (b)
10™0™"10™" 10" 10°  10°
4 l T IIIITIITI I"I'IHIWTH I”"l'll'll- T llH"] TT IIIHIII'HI'I'I q T T T T T T T T T T T T H
| Zobristetal. (2011) i T ]
= ,|parameterization/ 1.22
o) —— Price et al. (2014) 2F B
© parameterization/ 1.22
% 0.18:— 3 01| -
8 <F h ° ]
o L ] ot ]
s L - N y
DN 2F - 2k .
o
I
0-018:_ (o With a surfacerxn 0-018_ =
of /) - --Without a surface rxn J o 3
1 |28 | | | | ) | I I N I I N A N I I N -
20 30 40 50 60 70 10" 102 105 108 10"
Relative humidity/ % Viscosity/ Pa s’

Figure 1.13. HO, uptake coefficient onto copper ({tloped sucrose aerosol particles as a func
of (a) relative humidity and (b) aerosol particle viscosity. filsgepresent the expected biptake
coefficient calculated using the KIMUB model with the Price et aR014 (red) and Zobrist et.al
2011 (blue) diffusion parameterisatiodsbrist et al., 201Price et al., 2014lmage taken from
Lakey et al., (2016).
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1.8.4 Concentration of HO2

As mentioned in sectioh.6.2 the selfreaction of HQ on aqueous aerosol surfaces is
second ordewith respect to aqueous H@oncentration. This means that an increase

in HO2 concentron should mean an increaserlin . The inverse relationship
however is seen experimentally. In a study by Geetgd.,(2013), experiments on
agueous (NH4)2SQs  aerosol observed larger values df at lower HQ
concentrations, modikely 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., 2033This 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 H@ptake coefficient on initial HO
concentration for aqueous (MASOs aerosol is shown ifigure1.14 (George eal.,

2013.
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Figure 1.14. Dependence of HOuptake coefficient on initial HOconcentration foraqueous
(NH4)2SO, aerosol for 54 % RH (black), 65 % RH (red) and 75 % RH (green). Image taker
Georgeet al.,2013
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1.8.5 Exposure Time

The uptake of H@has a negative time dependence due most likely to aerosol surface
saturationlt is possible that from an initial maxum of the mass accommodation,
the uptake coefficient could slowly decrease to a stable yislaghews, 2014 The
surface and the bulk of treerosol may become quickly saturated withoHiGreby
reducing the uptake coefficient from its initial valuEonversely, a reactive
component of the aerosol could be used up over time or the aerosol could become
more viscous with aging leading to a deseean HQ 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 exaple of the negative correlation between HO
uptake coefficient and exposure time for aqueous NaCl aerosols at 60 GeRid¢

etal., 2013
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Figure 1.15. Dependence ofiO, uptake coefficients for aqueous NaCl aerosols as a functic
reaction time for two initial H@concentrations. RH kept constant at 60 %. Error bars Guef :

average values. Image taken from Georgé. g2@13.
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1.9 Global Distribution of HO > and HO- uptake

An example of the annual global OH ad@®. concentration distributions, as reported

in Lelieveld et al., 2016is shown inFigure 1.16. As expected given the higher
concentrations of OH towards the equatorial regionp ld@nhcentrations are also
highest towards the equatouedto 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 concenteattiof HQ is higher in these regions due to the recycling

of OH into HQ. However concentrations of H@re also high in the midorthern
latitudes where CO and N@oncentrations are high due to increased levels of fuel
combustion. Due to the abundanceNsd, in the northern hemisphere, tropospheric
Os is also higher. As such concentrations of OH tend to be higher in the northern
hemisphere due to increaseel Qhis is reduced in part by increased OH loss due to
high CO concentrationgécob, 199p
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Figure 1.16. a) Global OH distribution in 0molecules cri. b) Global HQ distribution in 16

molecules c. In both cases the left panel shows the annual tropospheric mean while th

panel shows annual zahmean up to 10 hPa. The solid black line on the right panel indicate

average boundary layer height while the upper dashed line represents the tropopause me

with the surrounding solid lines the niaxum and minimunmean tropopause height. big taken

from Lelieveld et al., 2016
By considering the effect of parameters such as temperature, relative humidity and
aerosols pH, described earlier in Sectldd) it is possible to model the distribution of
both HGQ and the uptake of HOglobally. From this, the potential loss of K@
aerosols would be expected to be highest in low temperature regions due to the strong

negative temperature dependencg of .

Macintyre and Evans, 20Jkrformed a study on the spatial distribution of using

the GEOSChem global chemical transport modalthis study a parameterisation for

[ wascreated based on the available laboratory studdbsding data for different

particle compositions as well as temperature and RH dependd€hEE€SChem

model simulationsverethenrun using  valueof 0.2 as recommended by Jacob

(2000), and themsingthe]  valuescalculated by th@arameterisan. While this

38



study neglected to consider the importance of TMI catalysis, and therefore most likely
reported &  on the lower end of values reported in previous studies, it can however
be used qualitatively to show the areas where heterogenetks @b HQ may be
important globally. It is also important to note that where E@ncentration is lower,

the HQ self-reaction will be less important and thereforetdiPtake will be relatively

more importantvhen considering all H&oss pathways

In this study a global mean average of 0.028 was reported for using the new
parameterisatiarHigher values were reported at higher latitudes as expected due to
the negative temperature dependence andiy®d$RH dependence of HQuptake.
Highr values were also reported over the west coast of Africa due to high aerosol
loading and higher RH, potentially even higlasiTMI catalysiswasnot considered

in the model. The presence of phattalytic sub&nces in mineral dust could also
lead to increagkuptake in these regions. Over the Sahara itseff thevalues where
lower however due to the higamperature in these regions. The results of the global

model showing the medn value for Janary and July are shown Figurel.17.
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Figure 1.17. Surface and zonal meay) |. for January and July calculated using GECi&em using
a new parameterisati by Macintrye and Evans, 2Q01lmage takerfrom Maclintrye and Evans
2011

1.10 Atmospheric Modelling

1.10.1 Zero Dimensional Modelling and the Master Chemical Mechanism
Zero-dimensional modelpinpointa 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 #m a second transport processes are not an important
consideration. OH radical concentrations are therefore controllgddiy chemistry
makingOH ideal for study in chemical echanismsHowever, br longer lived species

such as @ trangort can be imprtant 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 scheme3his is @mbatted 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 (M@B13.1) is a neaexplicit mechanism which

describes the ggshase degradation of a series of pima emi tt ed VOCO6s i n
troposphere. The mechani sm conscontams s t he de.
~17000 elemenary reactions of 6700 specid¥/ljalley et al., 2013 An advantage of

the MCM is that i1t treats the thotoughlgt i on of t
studied explicitly.Unfortunatelymany VOCG6és within the mechanis
studied so the kinetics and branching ratios of rimctionsof these VOCsare

unknown. Assumptions based on structacévity relationships are used to provide

the necessary data to output radical concentrations.

1.10.2 Global and Regional Modelling

In contrast to zerdimensional box models, 2D and 3D models do include transport
processes. While these larger scale models have a more basic suite of reactions and
speciesthey 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 E@nd how these species change with wind and weather
paterns.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 maouofetifferent scales can be

usedto complement each other.

The Weather Research and Forecasting model adwpile Chemistry (WRFChem)

is a fully onlinecoupled, regional, nuermical weather prediction modeL¢nibear et

al.,, 2018. The model includesmodules for gagphase chemistry and aerosol
physiochemical processes and simulates emission, transport, mixing and chemical
transformation of trace gases and aerosols samebusly with the meteorology
(Conibear et al2018. TheUnited 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 fromttbposphere to the mesosphere

(Morgenstern et al., 2009

1.10.3 HO2 Uptake in Previous Modelling Studies

Numerical chemistry models have a tendency to over predigted@ecially in low
NOx conditions. For example, during the ClearfLo campaign in London 2012 the

model over predicted H{by up to a factor of 10 in times of low N@hich was
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attributed to a missing peroxy radical sizWalley et al., 2018 Overprediction of
HO: could also be due to the absence or underestimatithe uptake coefficient of

HO- onto aerosol surfaces.

HO> uptake has been studied both through modelling and experimentallyeioR@v
years.Jacob, 2000ecommended an uptake coefficieht () 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 oftéowb@.017 this is the

case when aerosols are not doped with transition met#dsoly, 200D
Experimentally, viaen Cu (ll) or Fe (ll) catalysts are used can be seen to be as

high as 0.6 Taketani et al., 2008

A parameterisation fgr ~ based ormnaqueous phase mechanism wagssted by
Thornton et al., 2008or all aerosol types, not including mineral dust within which
catalytic TMIs are narally abundant, an aqueous phase recombination mechanism
based on the aciblase dissociations of H@ produce HO, was used to calculate the
uptake onto tropospheric aerosols. The assumption that transition metal ions were
present in dust aerosols lédl the uptake coefficient onto dust being taken as the
constant value of 0.Z.hornton et al 2008found through modelling that low values

forf ,i.e.<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 chieflybecause of the negative temperature dependence of the
conversion of HQ g to HO; (aq) (Thornton et al., 2008 In arid regions such as the
Saharadesertwhere dust is prevalent, the assumption was made of the presence of
high concentrations of transition metal ions and thereforerhighwere seen in the
outputs for lower troposphericg®ns 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  than those se@eexperimentally Thornton et al., 2008

Macintyre and Evans (2011) introduced a newapwaterisation 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 of 0.2 as originally suggested iacbb, 2000 and then with new

parameterisationsl@cob, 200Macintyre and Evans, 20L1Due to the temperature
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dependence ¢f , the highest values of ~0.1 were found at high latitudes i.e.
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

valuesof  at~0.01. The global masgeighted annual averagje was calculated

to be ~ 0.028, much lower than the value of 0.2 suggested in Jacob, 2000. In
comparisn, the global mean average of ~0.1 was givérhiornton et al., 20Q8This
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 okallow

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 tii@ake processes will

ove predict sulphate formation in the lower troposphere while updedicting it in

the upper troposphere thereby potentially changing the transport and distribution of

sulphur throughout the atmosphékéacintyre and Evans, 2011

In a study byMao et al., 2013he sensitivity of to Cu ion concentrations was
shown to be weak when tltencentration of Cu ions were in excess of 30* M:
consistent withirhornton et al., 208 With a fivefold decrease in Cu concentration,
ther value only decreased from 0.85 to 0.61. This was mainly attributed to the
diffusion limitations of HQ uptake in the aqueous phase showing its rapid reaction
with Cu (Il). Box model simulatios of aqueous aerosol chemistry were also
conducted to investigate the effect of-E&HOx cycling on the HQbudget. These
simulations gave a range of pH dependant values forfrom 0.41. These values

were incorporated into the GE&S3hem global modgMao et al., 2013 Howe\er,

values this high for the uptake coefficient are not representative of the global
troposphere as C(ll) 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 =1 for all aerosols on the
oxidant chemistry wastisdied using GEO£hemby Mao et al.,2013. The yield of

H2>O> was taken as zero with fast conversion ofz2H@® H.O included instead which

had the effect of bringing the global mean tropospheric OH concentration closer to the
observational constraintsdreasing 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 oMerth America and Eurasia helping to correct
mean model bias for ozone. Thus, the mechanism of fastcBi@ersion to KO in
aqueous aerosols improved the simulation of tropospheric oxidant chemistry in
GEOSChem though not necessarily for the right reaspao et al., 2018

A more recent study byi et al., 2018 suggested that the ~40 % decrease in fine
pariculate matter over the period of 202817 in China was slowing down the aerosol
sink of HQ radicals and thus leading to increased ozone production. It was found that
changes in Piswere more important in driving the ozone trends during this period
than NO, or VOC emissions. An uptake coefficient of 0.2 was used for & the
conversion to KO or HO> (Li et al., 2018. This value was chosen to be consistent
with laboratory measurements made Taketani et al., 201ih which HOQ uptake

onto aerosol surfaces collected from 2 sites in eastern China were found to be as high
as0.23 £ 0.07 and 0.25 = 0.094ketani et al., 20%Ri et al., 2018. The reactive
uptake of NQspecies with conversion to HN@as also included with the uptake of
HO:> being by far the dominant effect, accounting for most of the sink qfraificals

in the model in eastern China. This effect is the most important in the North China
Plain where PMlsconcentrations are the highest. A sensitivity model simulation was
run byLi et al., 2018o0 give the product of the reaction of KH®ith transition metal
catalysis to be FD: instead of HO and this showed no significadifference Table

1.1 summarises experimental uptake coefficients of bi@o inorganic salt aerosols.
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Salt Composition RH / % 2(HO?) Reference

20 0.04 + 0.02 Taketani etl., 2008
Dry (NH4)2SOs aerosol 45 0.05 + 0.02 Taketani eal., 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

3354 <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, 200t

45 0.11 +0.03 Taketani et al., 2008

55 0.15+0.03 Taketani etl., 2008
Aqueous  (NH):SOs 5o 0.003 + 0.005 George et al., 2013
aerosol

65 0.17 £ 0.04 Taketani etl., 2008

6575 0.01 £0.01 George et al., 2013

75 0.19+0.04 Taketani etl., 2008

53 0.11 £ 0.03 Taketani etl., 2008

54 0.016 = 0.008 George et al., 2013
Aqueous NaCl aerosol 63 0.09 £ 0.02 Taketani etil., 2008

67-76 0.01 £0.13 George et al., 2013

75 0.10 £ 0.02 Taketani etl., 2008
Aqueous Cu(ll) -doped 42 05+0.1 Thornton and Abbatt, 200t
(NH.)2SO. aerosol 45 0.53 +0.13 Taketani etl., 2008
Aqueous Cu(ll) -doped 53 0.65+0.17 Taketani etl., 2008
Aqueous Cu(ll) -doped 53-65 0.4+0.3 Mozurkewich et al., 1987
NH4HSOsaerosol 75 0.4 +0.08 George et al., 2013

Table 1.1. Uptake coefficients for Heonto inorganic salt aerosols from previous work. This table has

been updated froi@eorge et al., 2013
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1.10.4 Model-Measurement Comparison of Atmospheric Radicals

Testing current undastanding of HQchemistry using box models often leads to a
significant ovesprediction in the concentration of H@s well as an undgarediction

in HONO suggesting a previously undetermined sink of2ld@d a missing source of
HONO. Heterogeneous uptakeoftenconsidered a plausible missing siok HO in

models whereas heterogeneous production on aerosol or ground surfaces is a plausible
source of HONCthereby providing motivatioor the study ofthe heterogenesu

chemistry of reactive species on aerosol surfasesitlined in this project.

The overprediction of HQ compared to observed concentrations during field
campaigns has ranged from ~28% (Cantrell et al., 199&ommariva et al., 200de
Reus et al., 2005ommariva et al., 200&anaya et al., 200%tone et al., 20)2vith
many modelling studies estimating the uptake coefficient of &0L, the marmum
possible value (Kanaya et al, 2007; Mao et al 2010). During the ARCTAS 2008
campaignMao et al., 2010emeasured concentrations of H@er a range of altitudes

in the Artic. Mao et al., 2018 showed that including a HQuptake coefficient
calculated byThornton et al., 200@arameterisation showed better agreement that a
single value for the uptake coefficieduring the London campaign (ClearfLo)
undertaken by the Leeds group in 2012, the detailed box model using ther Mast
Chemical Mechanism (MCM v3.2) showed a missing peroxy radical sink at low NO
conditions leading to an owprediction of HQ by a facor of 10 under these
conditions Whalley et al., 2018 In this model, under high NO conditions, modelled
and measured HOconcentrations were in agreeme&imilarly, in an earlier
campaign (NAMBLEX) in 2005 undertaken by the Leeds group at the Mace Head
Atmospheric Research Station, ther@s an oveprediction m HO, from the models
with the budget for H@being closed by the introduction of a reaction with measured
IO and BrO radicals and the uptake to aerosols of (Bith et al., 2006 A more
recent megacity study comparing the measured values of ¢ti8erved during a
summercampaign in Beijing (AIRPRO campaign 2017), also guedicted HQG.

This was accounted for partly by a missing OH source in addition to a missing HO

destruction termWhalley et al., 202)1 This is considered furthar Section?.

During the ClearfLo campaign measurements of HONO were alsectaut with the
subsequent model runs ungeedicting HONO concentration even with the diddi
of extraHONO sources including dark conversion of NfD surfaces, direct emission
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of HONO, photolysis of orthgubstituted nitrophenols, the reaction @H H>O with

NO, photolysis of adsorbed HN®n ground and aerosol surfaces and photolytic
conversion of N@on surfaces. Thensuingstudy bylLee et al.2016concluded that

the missing HONO source wasaaorrelatedo NO, and required sunlight. Increagin

the photolytic conversion of N®n 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 N©On urban surfacesLée et al., 2016 Table 1.2
compares the measured and modelled values of OH aadard@eld campaigns in

the last 2 decades.
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OH measured

OH measured/

HO, measured

HO, measured /

Campaign, Location Month, Year Notes Reference
(10° cmd) modelled (10 cm’d) 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 Jani Feb, 2004 15 0.93 0.27 0.88 Midday av. 2007
IMPACT -L, Tokyo, ; Kanaya et al.,
Juli Aug, 2004 6.3 0.86 2.31 1.29 Midday av.
Japan 2007
PRIDE-PRD2006, _
_ July, 2006 12.3 2.12 1.7% 0.94 Midday av. Luetal., 2012
China
Value at
TRAMP, Texas, 2006  Augi 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 1.5,0.6 0.3,0.31
(SW, E) 2018
Wangdu, China Juni Jul, 2014 9 1.5 9 0.9 Midday av. Tanetal., 2017
BEST-ONE, Beijing, .
) Jani Mar, 2016 2.2 2 0.5 2.5 Midday av. Tan etal., 2018
China
PKU, Beijing, China Novi Dec, 2017 1.4 1.4 0.3 7.5 Midday av. Maetal., 2019

Table 1.2 Modelmeasurement comparisons of Htbm campaigns worldwiel Table has been modified from the thesiSlater et al., 2020
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1.11Project Outline

The overall aims of this project are to:

1.

Improve understanding of the role tla@rosols play in the change in gasase
composition of the troposphere.

Improve understanding of uptake and production of reactivplgase species
through heterogeneous chemistry on aerosol surfaces.

The objectives of this project are as follows:

1.

To meaure the production rate of HONm illuminated TiQ aerosolsas a
function of NQ and use a kinetic box modelitvestigate the possible reaction
mechanisms for the formation of HONO from hNé@ptake on aerosol surfaces.
To investigate the productiorf 8ONO from particulate nitrate photolysis
with and without TiQ 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 orgamgpounds.
To measure Heuptake coefficients ob-pinene and limonenrderived SOA
surfaces.

To quantify the impacts of HOuptake 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 Setup

The uptake of H@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@®{ 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 byn{@ieted or Q chemistry within

a Potential Aerosol Mass (PAM) chamber, through a laminar flow reactor with HO
added from a moving injector. The decay inHOncentration was then determined

as a function of exposure time.Fcanning Mobility Particle Sizd SMP9 wasused

to characterise the aerosols leaving the flow tube reactor. A schematic of the aerosol

flow tube system, coupled to the E@etection cell is shown iRigure2.1.

To vent
% Dryer Neutralizer
®-‘ —> E}- Impactor N,
N,—> l
HEPAFilter Bubblers MFCs
1
re——
| S
Atomizer Conditioning Flow Tube
MFCs
\ 1
Sampling Pinhole N —
FAGE Cell CPM " (3t4.3 cm) L

/Reaction Flow Tube

—
< To Pump ¥ a > p— Water Bath

=
MFC [::' Injecér [

HglLamp  |njector Stepper

t | RuT
NO

4
To Scanning Mobility
Particle Sizer

Figure 2.1. Schematic diagram of the aerosol flow tube system used to study the uptakeauftéi
aerosol surfacesCPM: Channel PhotomultiplieHEPA: High Efficiency Particulate Air filter
FAGE: Fluorescence Assay by Gas Expansion, RH: Relative Humidity, T: Temperature, MFC

Flow Controller. Image taken fro@eorge eal., 2013
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All aerosol experiments were conducted at room temperé2® + 3 K) using

nitrogen as a carrier gaé/henever departmental nitrogen was used as the ci

gas for the experiment, the flow was passed through a gas purification syste

3074 B) which was comprised of two filters which remove water, oil droplets

particulates, a membrane dryer to remove excess moisture and finally a carbc

to remove any lingering oil vapour. This filter purification system remc

99.99995 % oparticles of 100 nm in diameter at a velocity of 10 ¢msschematic

of the purification system is shown kigure2.2.
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DX Pre Filter —(

BX Filter ~\
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. (3/8-in.
Compression
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D

“— Pressure
Gauge

S Carbon
Final
Filter

Base

Figure 2.2. Gas purification system TSI model 3074B. Used for removal of contaminants

the cepartmental nitrogen supphSI, 2008b

The FAGEdetection cell was kept at low pressure,-1.2 Torr, by using a rotary
pump (Edwards, E1LM80) and a roots blower (Edwards, EH1200) in combinfion.

gas flows were controlled using mass flow controllers (MKS and Brooks). The relative

humidity (RH) and @mperature of the gas flow leaving the flow tube was measured

using a RH/T probe (Rotronics HER accuracy 1 % RH). A chilled mirror

hygrometer (General Eastern Optica) waslusecalibrate the RH/T probe.
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2.2 HO2generation

The HGQ radicals were generatedthin a sliding injector inside the aerosol flow tube
by passing dlow of humidified nitrogen containing trace amounts of oxygen over a
185 nmmercury lampThe subsequenthptolysis of HO vapour produatH atoms
thatrapidly reacedwith the Q in the nitrogen flow to give Horadicals(George et

al., 2013.

OV Q uw 60O R21

0§ © Qb R22

By keeping the flow through the sliding injects well aghe current of the mercury
lamp constanit can be assumed that the initial concentration of lg€nerated,
[HO2)o, defined as theoncentration at the first injector positiafithin the flow tube,
remained the same throughout the enticétthe experiment. As shown 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 iRigure2.3, was used to vary the exposure time of,HO

to the aerosols contained in the flow tube reactor. The injéct6rcm length, 1.9 cm
exterral diameter, 1.6 cm internal diametaras made fom stainless steel and
contained a 185 nm mercury lamp at the inlet. This lamp was loaatbdfurthest
pointfrom the detectiorell, to allow for any heat created to dissipate before entering
the flow tube.The inside of the injector housed a Teflarbe (1.5 cm external
diameter, 0.8 cm internal diameteiged to reduce HOwall loss down the length of

the injectorand b ensure all OH generated frdR2.1 was lost to the walls and did
not enter the florntube 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 mig (Moon, 2018.
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Figure 2.3. Sliding injector used for the addition of H@adicals into the flow tube during HC
uptake experiments. Image taken frikoon, 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 HQ uptake on aerosol surfaces. Glass was used dhe teactive uptake

of HOz beingsensitive tdransition metal contamination; it was also usé&fube able

to see the position of the sliding injector within the flavbe. The walls of the flow

tube werecoated with Halocarbon wax to reduce the loss of Che walls. This

was done by dissolving the wax into a chlorinated solvent, usually dichloromethane,
and pouring it into the flovtube, turning it periodically to get an even coverage. The
wax layer ould then be removed for cleaning using large ov€hs.end of the flow

tube futhest from the injector port wasonnected to the FAGE cell with a
compression fitting caaining an Gring (Moon, 2018. The temperater was taken

using a calibrated probe (Rotronics HygroClip2, + 0.1K) locattgbrby the injector

portor at one of the ports closest to the FAGE cell. A Scanning Mobility Particle Sizer
(SMPS), fully described in Sectid3.4 was attached after the fletwbe to measure

the aerosol particle number and surface area size distributions. An ozone analyser
(Thermo Fischer, model 49i) was also connectethé exhaust of the flowbe by

the FAGE cellFigure2.4 shows the flontube 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. Sli

injector is shown on the left.

2.4 Aerosol Generation using a Potential Aerosol Mass Chamber

A Potential Aerosol Mass chamber provided a stafd¢hod 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 oxidizextbgs 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 wherezWas the oxidant, a 185 nm mercury pey lamp, housed
before the chamber, was used to converi®air flow) to &, R 2.3 andR 2.4. For
experiments where OH was the oxidant, 254 nm lamps haosit the chamber

were used to convertz@ OH,R 1.1andR 1.2

6 0 wuw cb O R23
¢ 0 ¢U ©co R2.4
0 QOUy O O R1.1
5 O OGO ¢ho 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 nmights used for the production of

OH and flushed with Bito cool. A single ozon@roducing 185 nm mercury lamp was
placed inline 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 nmpathereby controlling the

Os 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 diluticand 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 farg@neration, one humidified

(10 sIm, MKS) and one dry (1 sim, MKS); one for nitrogen 254amp 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 slm, Mykrolis). The flow through the chamber was &epéhough to
ensure laminar flow, with a Reynolds number of ~42 for a flow rate of 6 lpm. Two
charcoal denuders were added in series after the PAM chamber to remove residual
VOC and Qfrom the flow before it passed into the flow tube. FAGE instruments hav
been shown to be sensitive to detection of certaindpecies in H@detection mode.
These RQ species derive from alkene or aromatic VOCs and so any residual
monoterpene in the flow tube could lead to an R@rference if VOC + OH reactions

of VOC + O3 reactions were permitted to occur within the flow tube. Anyc@uld

react with HQ to artificially increase the loss of HQvithin the flow tube as the
injector is pulled back if allowed to pass into the flow tuBmure 2.5 shows a
schematic of the SOA generation system &glre 2.6 shows the Leeds PAM
chamber with the UV lights on.

to FAGE
cell

SMPS
charcoal denuders

Hg Lamp ® —

MFC
S

PAM §
chamber &

0, N,
analyser

VOC

Figure 2.5. Leeds SOA generation setup. MFC: Mass Flow Controller, PRMential 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,sQevels, water vapour concentiais and
concentrations of pollutants. Due to this;situ measurements of OH are extremely
difficult. The three most commonly used methods which provide a high enough
sensitivity are differentiabptical absorption spectroscopy (DOAS), selected ion
chemtal ionisation mass spectrometry (CIMS) and laser induced fluorescence
spectroscopy (LIFjHeard, 2006a

Laser Induced Fluorescence was first proposed as a detection method for atmospheric
OH radicals in 19728aardsen and Terhune, 197Rluorescence spectroscopy is used

to probe the electronic states of molecules such as OH, by excitatiectobes 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 theleuwhich 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 edcftom the ground
electronic state usually to the first excited electronic state (to one of-thigrational

levels within this state) through the absorption of light with a wavelength
corresponding to the energy gap between the two electronic stagesiolecule can

then lose this energy through several processes namely; fluorescence; quenching;
inter-system crossing; internal conversion or vibrational energy tranBfemw(,

1998. When OH radicals are excited to theNp state, the only means of relaxation
back to the ground nj stateQs by giving out light in the form of fluorescence or
through collisional quenching with ametr molecule, such agNr O, (Heard, 2006
Quenching through collision with a bath molecule removes the excess energy and
converts it into thermal motion or internal excitation of the-floarescent species.

This is shown schematically Figure2.7.

A

Potential Energy

Internuclear Separation

Figure 2.7. Schematic of thpotential energy curves of OH. Excitation from ground electronic ¢
to first excited electronic state shown in black. Emission via fluorescence shown in na
collisional quenching shown in tedll is a bath gas such as @ N.. Image reproduced fro Heard,
2006h
OnresonancéasernnducedFluorescence (LIRvorks by exciting the OH radical and
detecting thdluorescencehat followswhen it relaxes back to its ground statehe

same wavelengthA 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 scatteringral by any aersols present by Mie scatteri(tdeard, 2006a The

walls of theLIF instrumentused 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 excitinat 282 nm inthé?Z* ( 3 Nj 3 2403y = 0) band a
collecting fluorescence from th&Z" ( 3 Nj =j 28X 3 ¥ij transifioh(Heard,

20063, shown inFigure?2.8.

Dye Laser

~282 nm Fluorescence

~308 nm

X211,

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

adapted fronHeard, 2006a
At 760 Torr, this transition haslaw 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 (1020 Hz), high pulse energy lasers leads to an
interference caused by the photolysis of ambiento@roduce OH in the laser beam
throughR 1.1 and R 1.2 This is the major pathway for OH generation in the
atmosphere, howeves has a much higher absorptiorsssection 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 @ @uch higher at 282 nm
than the ambient OH sign@lieard, 2006a

Due to this Q@ interference, tropospherldF instruments tend to use -@asonance
fluorescence to excite the OH at 308 nm and then measure the fluorescence at the same

wavelength. The use of high rep rate 83kHz) low pulse energy lasers and low
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pressures (to rapidly move sampled air from ciéa region) minimises the ozone
interference. Furthermore, at 308 nm the absorption cross sectigmsanOch lower
conmpared to at 282 nm thereby rethgs G interference, from laser generated OH
(Heard, 2006p In addition, the OH absorption cressction at 308 nm iB6 times
higher than that at 282 nm, and thgHO interference is about 30 times smaller at
308 nm compared to that at 282 nm (a combination of the logwab&drption cross
section and lower AD) 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 interfereneda$ @
diminished effectileard, 2006amaking offresonance more useable for stratosphere
LIF measurements as compd to tropospheric measurements. Additionally, the
much lower water vapour concentration in the stratosphere means thad @whyclo

is photolysed by the laser to D will not form OH.

The FAGE technique involves the-oesonance detection of théHOadical by LIF
via the excitation of thé?F* ( 3 Nj =j 28 ] 3 & Qz(2) @ansition at ~308 nm.
This is shown irFigure2.9.

JHEHE
vi=0 X A%yt

—_— —_—

Dye Laser Fluorescence
~308 nm ~308 nm

|

v"=ORIr_ ini

Figure 2.9. Energy level diagram showing the excitation and fluorescence of OH in the F

technique. R represents changesoiational energy levels. Q representgiehing. Figure adapte
from Heard, 2006a
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2.5.2 FAGE Cell and the Detection of HQ

The FAGE cell, shown ifrigure2.10, 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 kepat~1.3Torr by a rotary pump (Bdards E1IM80) and a

roots blower Edwards, EH1200). This increastn lifetime of the OH fluorescence
soas to ensure it wadistinguishable from the laser scatter backgrousidg a gated
multi-channel plate photomultiplier (MCP 325 Photel)e pressuref the cell was
monitored using a presswyauge (MKS Instruments 722A11TBA2PAhe 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 cafi viatic

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 pdwe
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 €&k fluorescence
signal generated from the laser pulse then passed through a 308 nm bandpass filter
(Barr Associates, 308 nm, FWHM=8 nm, ~ 50 % transmissaod)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 bafllector was installed at

the bae 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 showFigre2.10.
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Figure 2.10. Schematic of the FAGE cell used to measure kit to scale)Top panel showsross
section of cell taken from the side, as if looking down the baffled arms of the cell with the las

going through the image. Bottom panel shows a esestion of the same cell from the froi

showing the path of the laser from left to rightothgh the arms.
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NO (50 sccm, 99.5 %, BOC) was injected into the FAGE cell throsghislesssteel
port in the cell, ~ 5 cm downstream of the pinhole, to convetrtiHO OH to allow

for detection.

‘W 66O 60 60 R113

6'0 § 6O 00 § R118

The OH radical produced was measured usingesonance detection by Laser
Induced Fluorescence via the excitation of ABE* ( 3 Nj =j 28] 3 N Qzx(2)0)
transition at ~308 nniHeard, 2006 The 308 nnradiatian required was produced
by a NdYAG pumped dye laser (JDSU Q26ID, Q-series, Sirah Cobra Stretch) at a
pulse repetition rate of 5000 HEhe 532 nm greetight produced by the Nd:YAG
laser wa passed through a dye cuvette containing a mixturéasd@r dyein
ethanolmethanolto generate 616 nm red light. The red light then mh#s®ugh a
BBO doubling crystal to give the necessary 308Wvhlight: a process referred to as
frequency doubling where 2 photons with the same frequency interact wih a
linear material and are combined to create a photon twice the frequency of the initial
photons. The dye for the laser svanade by dissolving 1 g of DCN2-[2-[4-
(dimethylamino)phenyl]letheny}-methyt4H-  pyran4-ylidenel}propanedinitrile)

special inb 2 L of ethandmethanol A schematic of the dye laser is showrFigure

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
(]
Ay

To dye circulator

Figure 2.11. Schematic of the 308 nm pulsed dye laser and referenchoeling one beam splitte
Up to three beam splitters can be usedlivide the light into up to 3 fibre launchers while s

delivering 5% of laser light to the reference cell.
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A maximum of 95 % of the UV light from the laser wdsected to dibre launcher
(Oz Optics)and via an optical fibre cable (ODptics) and a fibre collimator (Oz
Optics) enteredhe FAGE cell viaa sidearm fitted with optical baffles to reduce any
laser scattefTypically, the fibre was set to deliver mW of power though tuning
the power of the greefight from theYAG laser dowed finite control of the beam
power entering the fibre launchéf.the power dropped below 2 m¥tie laser was
tuned up to max UV power outpdthe power of the UV light entering the fibre was
kept below30 mWto avoidburningthe fibre headnd anylong-termdamage to the
fibre.

2.5.3 Reference Cell

A reference cellvasnecessg to ensure the 308 nm laser wased tathe peak of the

OH transitionthe Q(2) rotational line of thé?f* ( 3 Nj 3 2B()3ny = 0) transi ti
The reference cell providea corstant, high concentration of OH generatedby

thermolysis of HOw), using a hot filament made from 80:20 Ni:chrome veiteached

to a power supply~5.3 amps, ~4 )/ using a beam splittetike the detection cell, the

reference celvas held at low pressure, ~ 2 Torr. A small percentage, usually ~ 5 %,

of the UV light generated by the Nd:YAG pulsed dgser wa directedinto the

reference cell which wassed to measure the flescence vih a Channel Photo

multiplier (CPM). This allowedhe laser scanning software to scan thetfHsition.

When the software vgascanning for th&ansition peak, two scans hadagree to a

thresholdchosen by the useusually 97 %, to ensure the maximurhtbe OH
transition peak was found accur askegty. Thi s w
constant for the duration of an exmpeent. The online position allowethe

measurement of OH fluorescence sigiader scatterand detector dark countSor

mod FAGE cells, the detector must be switche
of f o, t o-satrationi ofl theodetector by the laser puldelike during LIF

detection in the FAGE cell, thePM in the reference celNas left ungated. This was

becaise the laser powett 5 % powemwas low enough to not lead to saturation of the

detector but also because the OH concentratemhigh enough that it coule seen

above the laser scatter without having to remove the scatter by,ghtsg further

explained in sectior2.5.4 An example scan of the reference cell is showifrigure

2.12.
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Figure 2.12. An example scan of the reference cell showing the initial scan across the pe

online measurement and the offline measwent.

The

Aonl i ne o keptaxonstdntdon atheiha defiaed lengthime or until

the laser startetb drift off the line. The laser drifting away from the Qtdnsition

peak eventually letb a drop in fluorescence signal. At this goielaser couldoe

moved 0.02 nm off the transition wavelength to a positiberee OH does not absorb

UV light. This wast he #Aof fl i neo

w antvoé dn eoffliget pbsition Me a s u |

allowedthe background signal generated from, scattered laser light ancbdelzndt

counts to be recorded.

2.5.4 Data Acquisition Cycle

Timing for the FAGE instrument was controlled by a delay gener@tanford

Research systems Inc. Model DGh3%ggered by a internal trigger system within

the laserto. to was used to start the gating cycle from which the MCP and photon

counting card (PCC, Becker and Hickel, P¥I@a) could be triggered. Gating of the

MCP was required to reduce the measurement of the lesersthat overlaps with

t he OH fluorescence.

The MCP was theref

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 drdpveldow 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 treuR@C

gate B to allow for subtréion of this from the OH signdEq 2.1) The gate timings

are shown irFigure2.13.

)
T 1 ps = 10 ps 20 ps
>
Laser scatter
N
N
\ \\ OH fluorescence
\\ i Ce
S =
Laser BN
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 measurin

uptake MCP: multichannel platePCC: photon counting cartinage is not to scal€&ate A is s

in length and measures the OH present and any background signal while Gate B is &hgth

and measures the solar background sigmhich is not relevant for these experiments)

A full gating cycle lasted 208s and is started with the Nd:YAG puetbdye laser

sending do trigger to both the €switch within the laser to fire a pulse of light and to

t he del

ay

gener ator

to

switch

on the

entire cycle with the exception of the gated region whereas the PCCfviastbe

entire cycle with the exception of the two gates, Gate A, directly after the return of the

MCP

MCP to the on/high gain state, and Gate B, where it was triggered on. Once the MCP

wason, the OH fluorescence signal waslected within a 1 ps bin (GatA, Asig). The

signal in Gate B was then subtracted, though this signal was negligible for this

experiment due to lack of solar background.

00 QQt DA
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2.6 FAGE Calibration

FAGE is not an absolute technique meaning thatdétermine the absolute
concentration 0OH orHO», a calibration isequired.Calibrating yieldsa calibration

constanty , which carthen used to convert the FAGE signal into an absél@ge

concentration via the following relationship:

Y 6 @ Eq2.2

where"Y is the FAGE signal produced in counts m\&*, 6 s the calibration

factor incountsmw? s molecule! cm® and [HQJ] is the concentration of HOn

molecule cr?.

0 also provides information about the instrumsensitivity with high values of
0 indicating a high degree of sensitivity to changes in; ld@centrationand

therefore dower limit of detection.

0  was calculated by recording the H€)gnal 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 HG@n a 1:1 ratio as shown iR 2.1 andR 2.2. The rate of
production of OH and H&can then be given by:

Q) QL O

00 { Eq2.3
90 9% ouvg & 80 q
where is the absorptin crosssection of water at 185 nm
G K = 7.14 x 16° cm? molecule! (Cantrell et al., 1997+ s the quantum

yield of OH radicals produced by photolysis of wdtErandF is the photon flux of

the mercury lamgphotons cnif s2).

IntegratingEq 2.3 with respect tahe irradiationtime, 0, gives an expression from

which an absolute concentration of Hi®ascalculated:
00 00 § 8 8 Eq24

” ande  are both well defined bif.t had tobe deternmed using chemical

actinometry whichnvolved passing bD in air through the calibration systeihe

following reactions then occurred:

00 O www 0 0 O R25
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0 O 0°0 v © R26

6 O 6°06 O O R27

6 O 00006 0 00 R28

6 0O 006o0 O R29
0 O 00°¢H0 R2.10

For aresidence time in frorf the calibration wandamp (0.074s at 40 Ipm flow)
less than a ppb of {s producedirom the trace amounts of2@n cylinder nitrogen
This coupled with the slow rate coefficient ©f + NO, i.e. kogsno=1.8 10 cm3
moleculed s (Atkinson et al., 2004)neans thahe [NO] is not significantly reduced
by any Q produced. As such tireaction of NO and ©is not considered in E2.6.
Actinometry experiments have been done previously in both air andd\the same
flux, within error, was calculatednce quenching of ¥ was considereghowing

NO+QOs does not have a significant effect on the [NO]

The NO produceevasmeasured using an N@nalyser and thE.t at different lamp
currentswas determined usingeq 2.6 determined after applying the steady state
approximation for 30), shown inEq2.5.
Q0 O v )
T LU § 8 80 Eq25

00 Q0 QU N Q00

O o o, - 55 Eq26

The FAGE calibration setup consisted of a narrow aluminium flow tube, known

hencefor h as the ficali bration wand?o, containin:
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 @agtv

hygrometer (CR4, Buck Rearch Instruments). The mercury lamp \Wwasted at the

end of the wand closest to the FAGE inlet so as to reduce OH wall loses and losses to

impurities in the gaflow. The outlet of the wand wadacedat 45° to FAGE inlet so

as to not directly push tHw into the pinhole, thereby minimising radical losses to

the pinhole surface. The lamp output®#.5 nmradiation which potolysed water

vapour to give Okand HQ radicals as shown iR 2.1. A schematic of the calibration

set up is shown iRigure2.14.
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PC
Hygrometer N, in

Lamp power supply

Airin —>

FAGE cell

Figure 2.14. Schematic of FAGE calibration set uMFC: Mass Flow Controller. FAGE
Fluoregence Assay by Gas Expansion.

The HQ signal was measured over a range of known eétidcentrations. The FAGE
signal was normalised to laservper and plotted against the concentration ofyHO
entering the FAGE cell. Frofaq 2.2 the gradient of the plot was equaldo . An

example calibration plot is shown igure2.15.
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Figure 2.15. HO; (purple) and OH (black)atibration curvesEr r or bar s repr es
least squares fit shown black (OH) and purple (H£). The gradient (i.e. the calibration factor)

in units of counts$mW- molecule! cn?® and the intercept is in units of countsraW.,

2.7 Experimental Procedure and Data Analysis

The procedures for measuring the heterogeneous uptake pfoht@ aerosols
described in the next section are based off several stuggesde et al., 201Bakey
et al., 2019 akey et al., 2016aakey et al., 2016Moon et al., 2018

2.7.1 Background Signal measurement

A background signal measurement was always done at the stiagt @periment 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 Measureddark counts and laser scatter
2 On Off MeasuredOH produced from photolysis of

water in the production of HGrom injector
lamp, darks counts and laser scatter. Usua

very similar to condition 1 as OH waapidly
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 measuringpiti®e from
aerosol surfaces.

2.7.2 Moving Injector Experiment

The moving injector experimental procedure was used for water solubkokethat
could be generated by the atomiser, i.e. inorganic salt aerosols apdaidOfor
experiments using SOA generated in the PAM chamber, fully describ®ection

2.4. This procedure measured the H&gnal from the injector, i.e. Hsource, at
different positions along the flow tube, typically ranging from 30 cm to 70 cm from
the FAGE inletgenerally irb or 10 cm intervalsA 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 oHO2(Q ). Wall loss decays were taken periodically throughout the
course of an experiment. The k€ignal was averaged over-80 s(an average of
30-60 points at 1 s incremes) at each injector position with a slight delay at each
position to allow the flowtube to flush throughThis ensured that the FAGE signal
seen wadrom the HQ producedatt he i nj e c positod mthectban itse n t
previous position and allowed for amgechanical movemergffectsto diminish.
Having completed théull run of injector positionswith aerosols present the entire

procedure wasepeated adifferentaerosol concentrations.

From first order principles the loss of H@ue to uptake is:

Qs Qo
95 Eq2.7
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The HQ concentration as a function bfan therefore be expressed as:

ey _
GEF— Q0 Eq28

Where "Q) is the concentration of HCat timet and Q) is theconcentration
of HO, at time = O (generally defined as when the injector is in its initial position),
is the sum ofQ and theQ values for the injector positiofQ s the observed
pseudefirst-order rate coefficient for the uptakef HO..'Q and Q  were
obtained from the gradient of a plot of In(ki€)gnal) against residence tintewith
and without aerosols present respectively: an example of which is shdviguie
2.16.

7.0 T l L) I L) I L l T I T
6.5 - % | -
 60- % % %} %\\%\ e -
:C/ | )
L . R S S S B .
1 slope=-0.045+0.004 1
Kk, =-0.02 +0.002
5.0 ' 1 T | T T T T ' T '
4 6 8 10 12 14 16

t/s

Figure 2.16. Example of In(HQ) vs t / s for a wall loss experiment i.e. without the presenc
aerosols for a relative humidity of 65 %. The error bars represéntfie gradient of the wall los
(Kwan) Was-0.02 + 0.001.
"Q couldthenbecorrected for wall losses by subtractiy . This however does
not account for noiplug flow conditions\ihere the flow at the centre of the flow tube
is faster than that at the walls due to friction and there is therefore; gid@ent
movingfromthewalls). Using a methodology described in Broetal, (1978) Kobs
was corrected for wall loss and diffusion under+ptug flow conditions whiclgave

Q, the pseuddirst-order uptake of HQonto aerosol§Brown, 198). The corrected
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k Galues were ~1@0% higher than thiebskwai values. An example of the diftemce

in corrections is shown iRigure2.17.
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Figure217An exampl e showing differ encekwpkeivales
for an experiment with limonergerived SOA aerosols. The gradient is 1.054, giving an increa
5.4 % in KReksao mpared t o

The Brown corrected rate coefficien® is then related tof by the following

equation

1Y

Q -
- Eq2.9

Where| is the molecular thermal speed of H s?), and’  is the observed

uptake of HQobtained from a plot 60 vs S, an example of which is shownFigure
2.18.
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Figure 2.18. First order rate coefficienk @s?), after brown correctionplotted against aerosc
surface area (fm3) for ammonium sulphate aerosoRH =65 + 26. Uptake coefficient of Hoof

0.04 + 0.01 calculated from the gradient. Error bars represént 1
The uptake coefficients calculated should be corrected for gae pliffusion. If there
is a large uptake of Hor the aerosol radius is large, the concentration of ¢¢@QId

be depleted by the surface leading to an updediction of the uptake coefficient. To

correct for diffusion limitation the followingprmulas can be used
r

r W Eg2.10

Where_ i is a function of the Knudson number:
& L T8 Yw Eq2.11

= O p U

And the Knudsomumber is defined as:
(6]0)

- Eq2.12
|

Wherersis the geometric mean of the radius of the aeramuddDy is thegas phase

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

enough for diffusion limitations to have an effect, as se€weiorge et al., 2013

A lower limit estimate (limit of detection) was calculated fr&g 2.9 with a fixed
surface area/volume of the flow tube as 0.Fam{ andkwai. For an averagyai of

0.035 &' the lower limit uptake coefficient was 0.002.

2.7.3 Error Analysis

The FAGE software recordedsignal every second. For sliding injector experiments,
at each injector mation the signal waaveraged ovethe measurement period (80

secs) and serror in this signal(signa) Was thereforethe standard deviation of these
averaged pointsSSimilarly, error in theOH background ipackground Wasbe calculated
from the standard deviation in the background measants After subtracting the
background from the signal the error can be found using the following equation

propagated usingum in quadrafre

Eq2.13

To calculate the error i the error in the natural log of the background subtracted

signalwas firstcalculated:

" 00t GHLQm £ os g  -d4%l4

The graph of the natural log of the K€lgnal vs the residence tintethenyieldeda
gradient ofQ . Theerrar in the gradient of this graph was taken as . The Brown
correction wa thenappliedto bothkonsandkwar which were then subtracted from each
otherto account for wall losgjiving k énd its errorThe 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 plottingQvs Q@  'Q  and takng the gradient. This gradient was

then multiplied by, to give, as shown in the following equation:

8

08, ) Eq2.15

. . " . 8
Theerror in the gradient of the plot ‘Q versusS was taken athe error in——.

The error in the gradient wélserefore multiplied by 4 and divided by to obtain
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the error i . Lastly the errorwas corrected for gas diffusion limitations by

multiplying ,, 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 uptakexpthde@by dbwing

an uptake coefficient to be calculated, Hias generated and injected into an aerosol
flow tube. The injector position was varied to alter the>H&posure time thereby
allowing a decay of H®onto aerosol surfaces as well as wall loss decay to be
measured using a FAGE cell. Inside the FAGE celh W&s converted into OH using

NO to allow sensitive detection by -wasonance fluorescence detection. Changes in
aerosol size were measured using a Scanning Mobility Particle Sizer (SMPS). This
chapter detils 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 Hith sensitivity factors of (3.2 + 0.1) 107 counts 3

I mw? moleculet cm® being measured for OH and (1.8 + 0.1)07 counts 3 mw?
molecule! cm?® being measured for HOThe detection limits 06.7 10° molecule
cm®and1.2 10° molecule cr? were calculatedor OH and HQ 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 phdtagmentation laser induced fluorescence-I(fH

instrumenation 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 \@sthblished instrumentation

used to measure HONO. HONO instruments dexeddor 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 Spsotqmy or using a

Long Path Absorption Photometer (detailed description givaialne3.1).

3.1.1 DOAS

Differential Optical AbsorptiorSpectroscopy measures trace gas concentrations by
recording their differential absorption of WVis light over a long path length of a few
kilometres. A long path length is necessary to allow gases with very low tropaspheri

concentrations to be measur&lane and Nien, 1992

For Long Path DOAS (LIDOAS) alaser 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
asmall 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 t
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 taeagkne

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 spdaesniann et al.,
1997).

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

300700 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 uncertaintiesrbught 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 spgam 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 soues of emissions are averaged out producing a more
representative image of pospheric chemistry in the aredlgne and Nien, 1992

cavity DOAS methods covered Trable3.1.

3.1.2 LOPAP

A Long Path Absorption Photometer (LOPAP) is iarsitu instrument used to
measure gaseous HONO using wet chemical sampling and photometric detection.
LOPAP was designed to kecheap, small and sensitive method of continuously
monitoring HONO in ambient conditions. LOPAP works by collecting HONO from a
sampleflow 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 e unit where it meets the-(@-naphthyl)ethylenediamindihydrochloride
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. Te light is then collected by a glass fibre and detected with a mini
spectrometer. A mukthannel 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 amall amount of any interfering species while the second caoil,
channel 2, removes the same amount of interfering species with litle HONO. By
subtracting channel 2 from channel 1 it is possible to more accurately measure the true
HONO concentration. Theschannels must be calibrateding a liquid nitrate
standardKieland et al., 2001
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An intercomparison betweebhOPAP and DOAS was done in 2001DOAS is an
established technique with low cross interference from other atmospheric species and
has been user an intercomparison with LOPAP ikleland et al., 20Q1Excellent
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 otheHeland et al., @01). During a later campaign using the EUPHORE
smog chamber weighted regression analysis of LOPAP against DOAS data gave an
agreement of 0.9987K[effmann et al., 2006 A detailed table of the different

instrumentation for measuring HONO is showTable3.1.
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Technique Short description Advantages

Disadvantages Detection limit

References

DOAS Records differential absorption of UV light over a Well established technique, no

. ) . path length of several kilometres calibration required, simultaneously
Differential optical

. measures multiple species
absorption spectroscopy

LOPAP HONO sampled from gas flow using a stripping cc  Easycalibration method, simple anc

to then be mixed to form an azo dye. HONO is the  easy to use, good agreement with

DOAS

Long path absorption

detected using an long path adsorption spectrome
spectroscopy

LIF HONO is fragmented into OH and NO. The OH Highly sensitive, high time resolutior

. fragment is theexcited,and the resulting (real time measurement), low
Laser induced i )

fluorescence is detected. background signal
fluorescence

BBCEAS Measures adsorption along an optical cavity using

UV LED light source

Highly sensitive and interference

Broadband cavity free. Maintains a high level of spatic

. resolution. Low power consumptior
enhanced absorption

and compact design
spectroscopy

CIMS lon flow tubecoupled to a quadrupole mass High sensitivity and time resolution

spectrometer. lon reacts with sample gas to prodt

Chemical ionisation

anions which are mass filtered and detectétes et
mass spectrometry

al., 2015 used iodin@’) as reagent ions.

lon chromatography HONO is collected then converted to form in which High sensitivity
can be detected by ion chromatography. E.g. in S
(stripping coil) IC acoil is used to convert HONO to

NO;, whereas in MC (mist chamber) IC a mist of

ultra-pure water scavenges soluble gases from the

Poor spatial resolution, poor performanc ~ 10 ppt per 3 min

when visibility is low, detection limits are  (Pinto et al., 2014)
too high for certain species such as,tD

be measured in clean air environngent

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

corrected for using 2 channel set up

Calibraton 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 condits

i.e. vibrations or variations in pressure

High background counts from impurities i 30 ppt (Veres et al.,
2015), 1620 ppt per
1 s (Pinto et al.,

2014)

flow

Long integration time and sample 8 ppt per 5 min

interferences (pernitric acid identified as ¢ (Cheng et al., 2013),
interferent) < 5 ppt per 5 min

(MC-IC, Pinto et al.,

2014)

Plane and Nien,
1992

Helard et al., 2001

Liao et al., 2007

Bottorff et al., 2021

Duan et al., 2018

Veres et al., 2015

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

2014

Table 3.1. Summary of different HONO measurement instrumentation.
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3.2 Overview of Experimental Setup

The production of HONO from aerosol surfaceas studied using an aerosol flow
tube system, coupled to a{RH- cell which allowed the highly sensitive detection of
the OH radical formed through pheft@agmentation of HONO into OH and NO
followed by Lasefinduced Fluorescence (LIF) detection. A schém of the
experimental set up is shownkigure3.1.

To Vent

Neutraliser

Drylng Tube
Conditioning Tube
\ HEPA Filters
MFC MFC /
Dry Bubbler
Water Bubbler

UV Lamp

Atomiser

N,

N, —

To Pump

Aerosol Flow Tube

MFC
To Exhaust «——— ———————

b e —— — —]

Figure 3.1. Schematic of the Leeds aerosolfltube systensoupled to a photfragmentation laser

induced fluorescence detector for HONOPC: condensation particle counter; DMA: different

mobility analyser; HEPA: high efficiency particle air filter; FAGE: fluorescence assay by

expansion; MCPmicrochannel platghotomultiplie;f MFC: mass flow controller; RH/T: relativ:

humidity/ temperature probe; SMPS: scanning mobility particle sizer.
Almost all aerosol experiments were conducted at room tempef29fre: 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 #®rosols 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 3074B), described fully in Sectiod.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 legth, 57.5 mm ID). The flow tube was covered by a black box to filter
out background room light. A 15 W UV lamp (X36LW Bench Lampapea=365 nm,

50 mm length) was placed on the outside of the flow tube to promote the photo
production of HONO from aerossurfaces (illumination period was half that of the
residence time). The PHF cell sampled from the end of the flow tube via a
protruding turret containing an offset pinhole (1 mm in diameter), further details in
Section3.4.3 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 thelRF cell. The detection cell was kept at
low pressure, ~.b Torr, in order to elongate the OH fluorescence lifetime; this was
achieved using a rotary pump (Edwards, E1M80) and a roots blower (Edwards,
EH1200) in combination. The aerosols leaving the {ftabe via the exhaust ports
were characterised using a Sagg Mobility Particle Sizer (SMPS). As with the
FAGE detection cell described in Secti®h.2 all gas flows were controlled using
mass flow controllers (MKS and 8oks).The relative humidity (RH) and temperature

of the gas flow leaving the flow tube was measured using a RH/T probe robe
(Rotronics HC2S, accuracy +1 % RH) calibrated using a chilled mirror hygrometer

(General Eastern Optica).
3.3 Aerosol Generation and haracterisation

3.3.1 Generating Aerosols and Neutralising Charge

Polydisperse aerosols wegenerated from an aerosol solution using an atomiser (TSI
model 3076).A high velocity jet was created by pushing nitrogen or air at high
pressure (~3 atm) through amsall 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 atomiserTitanium dioxide solutionsveremade by dissolving 5 g of the titanium
dioxide (Aldrich Chemistry 71848, 99.5% Degussa, 80 % anatase:20 % jutike

500 ml of milli-Q water. Smaller aerosolswepicked up by the gas flow ancvelled

up to the top of the atomiser while larger aerosolsdenseand &l back into the
feed bottle. The resulting aerodtdw was passed through a silica drying tube to
remove any excess moisture thtd potentiallyaccumulated inside the atomiser,
forming a dry aerosol flow meaning the relative humidity can be more easily
controlled later in the systerfMatthews, 20131 A cross section of the mounted

atomiser system is shown kiigure3.2.

81



0.0135 Dia

Hole in 38 Dia. Disc RN \
o

Lgusd In
Excess Liquid
to Ciosed
Raservowr

Figure 3.2 Cross section of the mounted TSI 3076 atan Image taken fromSl, 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 Sectidh3.4 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 distiim of

charge states as a function of the patrticle size. The particle charge state was not known
at this pointhowever so a neutraliser was used to apply a known charge distribution
by exposing the aerosol flow to an electrically neutral ion cloud. ikVémeutraliser

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 approachdedgan, 2008
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3.3.2 Controlling Relative Humidity (RH)

After the neutraliser, the aerosol flow svihen mixed with a humidified gas flow to
control the relative humidity (RH) of the systefine RH of the humidified flow wa
alteredby changing the ratio of the dry nitrogéaw and the nitrogerilow passed
through a water bubbler using 2 mass flow controllst&$ 1179). A conditioning

tube wa then used to allow water adsorption or adsorption onto aerosols to equilibrate
for the peferred RH. For this aerosol flow tube system, a range of70% RH can

be reliably generatedepending on the aerosol composition (however, it was found
that the TiQ aerosols coagulated and blocked the lines above 35 % RH for example
making this the masmum RH for TiQ aerosols with the current setufhe RH for

the systenwas th@ measured using the RH/T probelwe exhaust of the aerosol flow
tube

3.3.3 Controlling Aerosol Concentration

Controlling the percentage of the aerosol flow which passes theodgih Efficiency
Particulate Air (HEPA) filter allowed for better control of the aerosol concentration.
A HEPA filter is composed of a mat of fibggass fibres arranged in random
orientation which filter out the aerosol through impaction, interceptiaiiffoision of

the aerosols onto the fibreghis is depicted ifrigure3.3.

.
® 00

Impaction Interception Diftusion

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

represent glass fibres and the beige circles represent aerosol particles.

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

ensuring the flow rate coulok kept constant overall.
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3.3.4 Characterisation of Aerosols Usang 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 seenvibetn these two setups). The aerosols
generated by the atomiser neepoly-disperse empirically observed as lognormal
distribution of aerosol size# vertical crosssection of the SMPS instrument used is

shown inFigure3.4.
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Figure 3.4. Vertical crosssection of SMPS instraent. Image taken froMsSI, 2008a

The SMPS instrument contains a neutraliser, in addition to theesueilded earlier

in section 3.3L, a DMA (TSI 3081)and a Condensation Particle Ca@mtCPC,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 etadtaide.

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 aren draw
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

mobilityds within a smal.|l chosen range.

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 C&€ monedisperse. Within the CPC,

the aerosols were grown using a vapour, typicalbutanol, under conditions which
produced supersaturation of the vapour. Standard optical particle counters are not able
to measure particles much smaller than 50 nmidiyt Iscattering Kulkarni et al.,

2017). Tocount smaller particles it is necessary to grow the aerosols to a size at which
they can be counted optically by the CH&agan, 2008 After growth a CPC can

conventionally detect particles down to ~ 1 ritulkarni et al., 2011

The SMPS used in the aerosol flow tube setuprds=d in this work, could measure
aerosols with diameters between 1863.2 nm (for a sheath flow ~3 Ipm,-20 %

error depending on patrticle counting method) with a full scan taking 2 minutes and
15 seconds. To vary the aerosol sizes measured thi Slo@aand 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 anlmgmal distribution, which

was verified using an aerosol particle counter with a higher diameter iatgbdws

et al., 2014h 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 pladetine before the DMA. An impactor removes
particles above a certasize 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 °.Largeraerosol particles havegreater 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, 2013 This is illustrated ifFigure3.5.
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Figure 3.5. Crosssectional schematic of an inertial impactor. Image recreated from refér8hc
2008a

The detection limit of the CPC is 1 10’ #/cm?® (number of particles per cubic
centimetre). However, for particle numbers bigger hanl0* #/cnt 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 particés pags 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 cardpatedlusing

latex beads of known sizess discussed below$l, 2007.

3.3.5 SMPS Calibration

To check the accuracy of the SMPS, more specifically the DB®#utions of
carboxylate polystyreniatex 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 te #ccurate 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 distitn determined experimentally using

the Leeds SMPS showing the size distributions for the different latex bead sizes in

shown inFigure3.6.
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Figure 3.6. Average particle number size distributions for latex calibration beads of known diar
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 Otthgmentcan then be detected using LIF at 308
nm. A strong absorption peak is seen in the HONO absorption cross sectidbmat ~
nm (Brust et al., 2000 shown inFigure3.7. The fragmentation process occurs due to
the excitationof an electron in a nehonding orbital on the terminal oxygen to the
lowest energy “ orbital in the N=O double bond. This electronnster leads to
excitation of the A state (first excited electronic state), lengthening the N=0O bond. The
vibration along this extended bond causes a recoil along-thdéand leading to the
breaking of this bond to for NO and OH in the ground electroniate Shan et al.,
1989. Thedifferent vibrational modes of HONO are detailed able3.2.
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Figure 3.7. UV absorption spectrum of HONO at 0.5 nm optical resmtutimage takeBrust et al.,
2000

Vibration Description
h O-H stretch
h N=0 stretch
h HO-N bend
h O-N stretchi recoil coordinate
h O=N-O bend
h O-H torsion

Table 3.2. Vibrational modes of HON@Shan et al., 1989

The HONO produced, either from aerosol surfaces or as a background in the system,
was photefragmented to produce OH and NO using a 355 nm ldserto the
corresponding strong absorption peklg(ire3.7). Owing to the addition of N®as

an experimental reagent, it was easier to detect the &jrhént compared to the NO
fragment, the concentration of which was increased within the system by NO
photolysis. Cylinder N@also contains trace concentrations of Ne amount of

NO2 added during an aerosol experimsighificantly exceeeld (by a facto of 100 or
more)the concentration of HONO produced and therefore any NO produced from the
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photolysis of NQ or due to NO impuritiesvould overshadow the NO fragment
created from the photolysis of HONOue to the much lower OH interference and

the largecrosssection for OH at 308 nnaletection of the OH fragment by LiFas
thereforemuch more sensitive leading to a lower detection lififtough the NO
fragment can be measured by LIF at 226 nm, this wavelength is less easy to generate.
NO can also be meased using the chertiminescence technique through the
addition of Q (Villena et al., 201}

The Nd:YAG pulsed photolysis laser (Spectron Laser Systems)taskdgment
HONO in the PFLIF system is shown irFigure 3.8. The laser was operated at a
10 Hz repetition rate, generating 1064 nm light from a flash lamp pumped Nd:YAG
crygdal. The 1064 nm lightvas thenfrequency doubled to 532 nipefore the 1064 and
532 nm lightweremixed to generate 355 nm lighy third-harmonic generatiotJsing
separation optics, the 355 nm lighésseparated from any remaining 532 and 1064
nm light using diclioic beam splitters before being fed into the detection cell. The

power of the 355 nm laser wamintainedaround 200 m\Wenergy per pulse=20 mJ)

A
355 nm

Cables to power supply
and cooling unit

Doubling Crystals

<l 355 nm ) ‘1064 nm Spectron Laser Systems
[—% wiE— : Nd:YAG 1064 nm

532 nm

Beam Separation
Stop Optics

Figure 3.8. Schematic of the Spectrdraser Systems Nd:YAG 1064 nm laser and optics use(

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 flottirough a small pinhole into a detection cell where the OH
radical can be measuredingon-resonance detection by Laser Induced Fluorescence
via the excitation of thé?Z* ( 3 Nj =j 28 [ 3 & Qz(2) @ansition at ~308 nm
Heard, 2006aThe FAGE technique is explained fully in Sectib.1

The 308 nm radiatiorequired was produced by a N&G pumped dye laser (JDSU
Q20X1HD, Q-series, Sirah Cobra Stretch) at a pulse repetition rate of 5008 Hz.
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schematic of this laser can lmuhd in Sectior2.5.2 A maximum of 95 % of the UV
light wasdelivered by fibre launcher (Oz Optics), an optical fibre cable (Oz Optics)
and a fibre ollimator (Oz Optics) to th@F~LIF cell via a sidearm fitted with optical
baffles to redue any laser scatter. The fibre sviypically set to deliver-8 mw of
powerto the centre of the LIF detection c&llhanging of the poer of the green YAG
laser albwed control of the beam power entering the fibre launcher. Any more than
30 mW of poweinto thefibre headvould causéurning and long term damage to the
fibre.

3.4.3 Detection Cell

Figure3.9 shows a crossectional schematic of the R instrument. The detection
cell is made from multiple black anodised aluminium cylindB8smm in internal
diameterAt the front of the cell, moff-centre pinhole on a turret waised to sample
air from the flow tube into the delnside the turret a mirror wagaced with the aim

of decreasing 355 nm laser scattered lidite mirror prevents the photolysis laser
from hitting the bare metal dhe turret and scattering randomly. The 355 nm laser
hits the mirrorinstead,generating plemafrom which OH is generatedAny OH
plasma formed wathereforedirectly in the path of the gas expansion through the cell
andwasdetected by the MCP detectdio reducethis interference, the pinhole wa
manufactureaff centre to keep the OH plasma formed away from the gas expansion
through the cellThe distance between the pinhole and the central axis of the cel
directly below the detector, was small agossible to reduce wall loss of HONGdan
OH. The pressure of the cell svkept low, ~ 1.5 Torr using a rotary pump (Edwards,
E1MB80) and a roots blower (Edwards, EH12id@ombination due to the rotary pump
alone only dropping the pressure to ~ 9 TArpressurggauge(Tylan General, CDC
11) was mounted after the detectoswesed to monitor the pressure of the cell.
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Figure 3.9. Schematic of the detection cell and the aerosol flow tube. Thexgassion through th:

pinhole into the central axis of the cell is shown. The photolysis laser (blue) and the probe las

blue) are fired perpendicular to each other but also perpendicular to the collection optics and

Image adapted froBoustead, 2019
The 308 nm light sm the Nd:YAG pulsed dye laser svdelivered through a fibre
(Oz Optics) connected to the arm of the cell via a collimating The 308 nm light
then travelledhrough the baffled arm into the central axis of the cell and out via the
opposite arm and throughnhaantireflective 308 nm coated window before being
measured by a photodiode (New Focus 2032) at the etheadrm. The photodiode
measuredthe relative laser power to allow for normalisation of any signal to
fluctuations in lasepower. Both arms of the cellere baffled to reduce scattered light
by blockingany diffuse light that wanot travelling directly down the central axis of
the arms. Perpendicular to the path of the 308 nm thsaugh the cellthe 355 nm
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photolysis lasr beam entedthe detection cell through a quartz window at the end of
the cell opposite the turret. Thight then travdied down the cell in the opposite
direction to the gas flow, before striking the 355 nm coated mirror in the turret. This
mirror then direced the 355 beam back down the cell, increasing the percentage of
HONO photolysedvithin the cellas well as reducing the laser scatter from reflection

off the metal turret, as mentioned above.

A Multi-Channel Plate detect@Photek, MCP 325)as placed on top of the cell to
measure the fluorescence perpendicular to the path of both lasetepTdighe cell

was separated from the collection optics by a window coatedd thetransmission

of 308 nm light. The fluorescence which pakeoughthis windowwasthenfocused
through optics and passed through a 308 nm interference filter (Barr Associates,
308 nm, FWHM=8 nm, ~ 50 % transmissidayemove light at any other wavelength.

This also servétto remove any background room light @atter from the 355 nm

laser from entering the dettor. A back reflector mirror vganstalled beneath the cell

to catch and reflect any downwards moving fluorescence back up towards the
collection optics and the detector, thereby increasing sensitivitd@yo. TheMCP
detector wa gated(Photek gating box, GM1BOBL)t o avoi d it Aseein
pulse and oversaturating, as well as to minimise the collection of laser,ssfatien

in detail inFigure3.10andexplained fully in the next sectioAs with the HQ 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 descrifdty in Section2.5.3

3.4.4 Data Acquisition

Timing for the HONO instrumentvas controlled by a delay generator (BNC 555)
which acedas the master clock for the entire system. This genesaorun with an
internal trigger at 5000 Hz. Thisas used to trigger the 308 nm laser and the gating
for the detectors and the phatounting cardHowever, he 355 nm laser, both the
trigger andhe Q-switch, andhe initiation of the photonounting cardveretriggered

off a 10 Hz signal so the trigger from the master clwak pulse divided by 500. Using
one master clock ensuréhattiming for both lasers remain consistent with respect to

eachother and that the trigger of each lases identical for every run.

DuetothePE | F t echni que f or derteescotniaonnc eoof tQH ht

meaning that botbxcitationand detection of OH occur at 308 nm, gativag required
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to stop the deteor 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 MCPThe number of photons from this scattering process directly after the
laser pulse gives a much higher sigtii@n the OH fluorescence signal. For the large
gain necessary to see individual photons, a large signal from laser scattered light may
cause overauration of the MCPThe gating unitvasthereforeused toseparate the

laser pulse from the fluorescence signal. The M@&gated offinto a low gain state,
during the 308 nm laser pulse to avoid oversaturation and on during the fluorescence
decaysigral. Thewidth of the low gain state was varied to remalre maximum
residual laser scatter befdiee gatingreturns to the high gain staa@d MCP began
detecting signal once mor€he optimum width can be determined by finding the ratio

of lowest scatteto highest fluorescence detected. When the MCiiHgh gain state
deteced a photon it generatiean electronic pulsehich was therpassd through a
pre-amplifier (Photek, PA20Q0P) which provided a factor of Hinplification to the

signal voltage heigtbefore the signal reacthéhe photon counting camlowing the

signal to be easilgistinguisledabove the background noise.

The data collection for the HONO instrumerdscomplex due to the data acqtisn
cycle including two lasers running at diféat pulse repetition ratesnhe at 5000 Hz
and one at 10 Hzshown fully inFigure3.10. To begin the cyclea pulse generator
(Quantum composers, 9520 series) ®eih a ¢ trigger which stagdthe delay for the
308 nm laser trigger, i.e. switathen theflashlamp and staetd the gswitch delay,
and seha signal to a delay generator (Berkley Nucleoiosporation model 555)
which controled 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 gtjbeiphoton counting
card (Becker and Hickl, PM8&00a) and the MCP. An initial OH signalas then
measured for ~0.01 seconds. This progtidebackground measurement of the OH
present in the system before HOM@s photo fragmented. Unlike the data collection
for an OH instrument, which udéwo distinct bins after the probe laser pulgates

A and B, fully described i&ection 2.5.4), thelONO instrument software collesia
continuous sequence of 2 us wide bimkich reduce the interferencdrom any
backgroundnoise hd on the overall signal. Thehoton counting card wasn and

counting for the entire cyclhith the exception o& short period just before the MCP
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was gated offto avoidthe countingof a largeelectrical ringing noise caused by the
MCP quickly svitching from a high to low gain statenmediately after the MCP fell

to the low gain statdne photo counting card then swigcion and continugcounting

for the rest of the cycléAt to + 0.01 s the delay generator triggéthe lamp and the
g-switch for the 355 nm laser. The position of this laser publseset so that it fil

800 ns before the 308 nm probe pulse. The MCPthatetriggereaff the 5000 Hz
system and switclieto a lowgain statqust beforethe 308 nm laser fickto avoid
oversaturation of the detectorwss advantageous to measure the fluorescence signal
from OH generated from HONO photolysis as immediately after the 355 nm pulse as
possible to ensure the Gijnalmeasuredvas what was generated close to the probe
region and hasot been spatially diluted. OBignal wa then measured to the end of
the cycle. A schematic of tlata acquisition cycle is shownkingure3.10.
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Laser scatter
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Figure 3.10. Schematic showing the data acquisition cycle for thet FFinstrument measuring
HONO after fragmentation to OH. PCC: photon counting card, MCP: qchdiinel plate. Shade
regions show when MCP and PCC are both on and data is being colldwgtiotolyss laser pulse
is shown in blue and OH signal following the probe laser firing is shown in purple (OH fluores

signal) and red (laser scatter signal).

The time period between the initial trigger of the photon catting card and the end
of the OHmeasurement timavas known as a sweep. Multiple sweeyse collected
per run, often 500, with the signal in each bin being added to the cordespbim in

the previous sweep leadingdn increase in the observed signal meaning the measured
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OH signal ould be distinguished above the background noise. This also inditba&se

measurement time for each run and therefore estithe time resolution.

3.4.5 Measuring a Background Signal

Online and offline measuremenigere taken throughout the experiment. Offline
measirements allowd the backgroundsignal generated fromoise, scattered laser
light and detector dark counts to be recorded. Theseee two main types of
backgroundneasuremernt waspossible to take with this sap. An OH background

can be seeshaded irorangen Figure3.11, takenbefore the photolysis laser triggers

at ~160¢s. The low background signal hereafter referred to as the OH background,
was generated from laser scatter from the 308 nm laser and frpi®td present in

the cell, either from the laser 355 nm laser p(ilse plasma remaining from previous
laser fire)or fromHONO impurities in the cylinders or in the lines.
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Figure 3.11. Exampledata acquisition cycleith OH background not subtracted. All counts befi
photolysis laser trigger (shaded orange) 466-¢s can be treated as a backgroaighalin the cell

from either laser scatter from the 308 nm probe Jassidual OH plasma from the previous 355 |
laser fire in the previous run or any HONO impurit@®sent in the cell. The @liin the OH
background at 80 ¢ gshaded purplels an artefact of # photon counting car@PCC)which was
always present and wagiored during analysis. Thpeakafter the photolysis laser fiiehaded blue)
wasdue to OH formed from fragmentation of HONO, either from production on aerosols, impi
in the nitrogen oNO; cylinders or from formation on the walls of the cell or in the Teflon tub
This signal then dropped off rapidly. Immediately following the peak at ~e$GDbroad peak du
to OH plasma formed in the cell can be seen (shaded green). This peaddchsiagunction of RH

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

After thephotolysis laser fireatl 6 &, folowed 800 ns later by the probe laser firing

a peak can be seen corresponding to the OH formed from the fragioreof HONO

in the cell.This peak will, ideally, be larger with aerosols present in the cell if HONO
is being formed on aerosol surfacds.HONO backgroundwas observed before
aerosolsvereadded to the aerosol flowube. Anybackground HONQvas producd
from heterogeneous conversion on thelsvaf the cell or flow tube or v&afrom
impurities in the nitrogen and N@ows. Measuremestwere alsotaken without N@
present to ascertain the contribution of impurities in the binder to the overall
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HONO production seerThis background HONO concentration depended on the
experimental conditions and on how recently the flow tube ardiPEell had been

cleaned toemove any buildip of TiO, deposits. However, the builgp of TiG: on

the flow tube walls was relatively slow and bdaokback measurements were made in

the presence and absence of aerosols to obtain an accurate background which was then
subtracted from # signal. Additional experiments showed no significant production

of HONO on TiQ aerosol surfaces without the presence ob.MOsmall broad peak

was visible after the main HONO peak at ~©0¥6sThiswas due to plasma formed on

the mirror in the turretvhich then generates Olhcreasing the relative humidity of

the system increaddhe plasma peak. This svhecaus®H forms easiefrom plasma

with higher concentrations of2@ vapourpresent.

The total concentration of HON@easured, once the offline a@H background
measurements have been subtracted, by tHdPHBetector is given by:

(1.1 (1.1 (/.1 (/1.1 Eq3.1
(1.1 (/1.1

Taking background measurements allowed us to ascertain the HONO produced from

illuminated aerosol surfaceg, / . /

3.5 Calibration

3.5.1 OH Calibration

The FAGE technique does not provide an absolute measurement and tHeh&éare
instruments must be calibrated in order to directly relate the signal cowariadical
concentration.The FAGE calibration technique is described fully in Seclo®
Though the HONO instrument was used to measure HONO, it was important to first
do an OH calibratioto judge the sensitivity of the instrument to OH allowing us to
compare to previous OH calibrations. As the HONO produced dexipgrimentsvas
fragmented to produce OH using the 355 nm lasewxag important to know the
sensitivity of the instrument to detecting OH.

The OH calibrationwas performed using a metahlibration wand which generated
OH and HQ (for calibration donen air) in equal concentrations from the photolysis
of H2O vapourby a 185 nm collimated mercury penray lamp. The mercury laagp

located at the end of the wand opposite to the gas inlet. The U\gkglerated was
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collimatedto allow a constanitradiation zondo be calculatedThe OH calibration

setup, including a crossectional schematic of the wand is showFRigure3.12.

8
"O llj IQ "O l!.') "O R 3-1

O 0 0 9@ O R3.2

Exhaust

<€—— Exhaust

Calibration Tube

Exhaust

Figure 3.12. Schematic of the OH calibration agt using the ORtalibration wand. Humidified ail

at 40 Ipm is flown down the calibration wand past a collimated light source towards the pint

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 Hi@lpm, so the flow down
the tube was turbuler{fReynolds numbepr 2300. This ensured constant radial
profile down the wand. A laminar flow would result in a parabolic flow leading to the
centre 6 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.
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In order to calculate the absolutencentration of OH radicals produced in the

calibration the following equatiowas used:

00 00, % '@ Eq3.2
where is the absorption cross section of (H at 185 nm
G & = 7.14 x 16° cn? molecule! (Cantrell et al., 199Treasey et al., 1997

%o is the quantum yield fophotodissociation of ¥0 which is 1F is the lamp flux
andt is the irradiation time'@ wasdetermined using chemical actinometry ofN
which relies on the photolysis of28 to produce NO which can then be measured
described fully in Sectio.6. Os actinometry can also be ussidhilarly.

The calibration was performed using 40 L rhiof nitrogen, humidified ¥ diverting

the flowthrough a water bubbler betoentering the calibration wand.sfnaller flow

of 1 L min! wasdiverted to the hygrometer to measure the water content. The tip of
the wandcontaining the lampvas positioned 45° to the centre of the piehto the
FAGE cell so the nitrogen flow leaving the calibratiwandwas 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 wan
compared to the sampling rate of the pinhole. This meant, however, that a large
exhaustwas necessary to remove the ~ IBBh excess flow. This was especially
important when performing HONO calibrations as M@s added to the flowto
generate HONO from OHNO is toxic and must be removed by the exhaust into a
ventilated fumehood.For OH calibrations using the REF setup however, NO is

not injected and therefore any H@rmed from H atoms is not measur&ievious

work has shown, however, tHd©,:0OH formed is 1:1.

The gradient of the plot of observed OH signal (courtsn$V?!) versuscalculated
OH concentration (molecule cigives the sensitivity of the instrumean example
plot shownin Figure 3.13. The sensitivity achievedsing an MCP detector was
6.36 108 counts & mW! molecule! cm?,
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3.5.2 HONO Calibration

As the LIF instrumentvasused to deted®H from HONO, a HONCOcalibrationwas

also necessaryhe setugor the HONO calibration followethe same principle as the
OH calibration howevea different calibration wand wassed. Thisvas due to the
need to use montcollimated mercury lamp toegerate more OH. The collimated lamp

in the previous metal wand did not produce enough OH to react quickly with NO and
produce large concentrationstd®ONO. A non-collimated light source produces UV
light in all directions meaning that considerably more OH can be formed from the
photolysis of watervapourthan with a collimated light. A sodium hydide filter
(Ascarite) wa placed after the NO cylind&y reduce any background HONO signal
from the NO cylindeby removingany acidic gases from the flow. Dilutions of NO
were made up to introducei 15 ppm NO to the maigasflow through the wand to

the detection cell.
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The calibration wad used for HONO dibrations was made of glass and comprised
of an inlet pipe for humidified Nand NO, an outlet pipe for these gases plus HONO
and OH produced and a mercury penray lamp placed adjactet outlet. The wand

outlet was connected via a short piegfesteeltubing to the pinhole, as shownHigure

3.14.

<«—— N,, H,0, NO

1
|

Exhaust

Hg Lamp

<€<——— Exhaust

Calibration Tube

Exhaust

Figure 3.14. HONO calibration set up using@n-collimated light sourcedumidified nitrogen flow
containing NO, 20 Ipm, was flawinto a glass wand and past naollimated mercury lamp tc

generate HONO in large concentrations which flows over the pinhole. Exhaust tube used to

toxic NO excesflow.
As with the OH calibration described Section3.5.1 the HONO calibrationsvere

performed using a humidifiedadilv of nitrogen. This flow enterdatie glass wand with
a smaller flow ofl Lmin diverted to the hygrometer. A slower flow of 20 Lniwas
chosen so as not to shatter the glass whrato pressure build uffhe Reynolds
number was aculated to be laminar at 146Bowever with the multiple flow
restrictions from the lamp being in the direct path of the flow and the berile
wand the flow was forced around itvas considered unlikely the flow remained
laminar. From the HONO calibration, the concentrationA thpourand the HONO
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counts produced for given lamp currentaild be recorded and compared to those

produced by actinomegtr Comparison with actinometry values allows the removal of

theF. tvariables from th&q 3.4 making calculating the calibration factor easier.

3.5.3 Osactinometry

Either Oz actinometry, or MO actinometry(explained in SectioB8.6), can be used to

calculate the lamp flux, in the calibration wand<; actinometry was performed

using the same set ag the HONO calibration to measure the photolysis loss tdf O

O3, (Eqg. 3.3 and Eq. 3.4ihereby calculating theroduct of thelux of the calibration

lamp, F, and the illumination timet. This actinometry method has been used by

several FAGE grouppreviously Hofzumahaus et al.,, 1996reasey et al., 1997

Humidified air was flowed past the mercury lamp where upon equal amounts of OH

and HQ were produced following thphotolysis of water vapour. At the same time

ozonewas formed by photolysis of H(Eqg 3.3) The lamp current was varied to

produce different concentrations of,@he results of which is shown kigure3.15.
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Figure 3.15. Example of Qactinometry showing the linear relationship betweefi [Ppb and lamp

current

low current.
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. Halue at 2 mAis a stightoutlierwlue tolflickering of the lamg
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The concentration of £producedwvas given by:
0 0 » 8 %o 8 "00 Eq 3.3

where ,, 8 is the Q absorption cross section at 184.9 nm %ad 4

is the yield of OP) and hence £from the photedissociation of @ (i.e. 2 (Sander
et al., 201))

Oz actinometry was chosen in tandem with the HONO calibration due to the
convenience of not needing to know thgs nmt value, as these terntan bevery
difficult to determine.

6 00, s % 0 00, o

00 O - =
v, 8 %00 8 (G V. 8 Eq34

OH and HQ have been shown in previous work to form in equal 1:1 ratio from the
H20 of water in the presence®f. Using the Kintecus kinetic modet@UPAC rate
coefficients,it was shown that with NO in excess in the HONO calibration system all
HOz will convertto OH andto HONO within the residence time of the calibration
wand. All HONO formed can then be photolyzed to give OH whiatteiected. A
factor of 2 is included in Eq 810 take account of half the OH detected being from
HO..

All the terms inEq 3.4 can be either calculated or measured if thegynot known
values. In tis way, OH concentration can be calculated and the calibration factors can
be determinedA calibration plot showinghe relationship between HONO counts and

[HO,] / molecules crd is shown inFigure3.16.
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Figure 3.16. Example of HONO calibration usings@ctinometry showing the relationship betwe

the HONO counts and the [HD/ molecules crmi. Chono for this calibration was

(3.63 £ 0.51) 10° counts mW* molecule! cn?. Linear least squares fit shown in red witle

dashed lines showing the 68 % confidence linfitse intercept is in units of counts mVind the

gradient of the slopes are in counts mWoleculetcm®>. The errors are 1
During the calibration an assumptiwas made that [OH]=[HONO]. Thiwas because
the reaction of OH with NO is much faster at high concentrations of NO than other
loss reactions of OHverified using a Kintecus model and IUPAC rate coefficients
which showed OHhadcompleted reacted to HONO within 2 |Bofustead, 2019

3.5.3.1 Calibration Uncertainty

The total uncertainty in the calibration factér, , was calculated as a sum in
quadrature of the uncertainties connected to each telfg 3. A summary of these
uncertainties is shown ihable3.3.
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Parameter Typical Value Uncertainty

[O3] 1 10" moleculecm® ~ 1%(sd.of values)
[H20] 1.2 10 moleculecn ~ 1-10%(sd. of values)
[O] 1.5 10*moleculecn ~ 2% (accuracy of quoted

[O2] content of BOC air

cylinders)
dt 8.0 7.14 10%°cn?moleculer  2.8% Cantrell et al., 1997
(Cantrell et al., 1997
A s.g 8.8 102*cn? moleculet ~ 16% (Smith, 2007
(Washda et al., 1971
Final Uncertainty ~20%

Table 3.3. Uncertainty in calibration parameters.

The uncertainties in the fpand [HO] were taken as the standard deviation of the
measured values, usually ~ 1%. The][€@ror wasreliant mostly on the accuracy with
which the aygen content of air cylinders was quoted and ss ta&en as ~ 2 %. The
value for,, 8 was taken from Cantredt al, 1997which quotedhe error as

2.8 %. The value of 8 taken fromWashida et al., 197ad no associated
error in this studyA large uncertainty with this canfiem the flow rates controlled

by MFCs. Inthethesis of S. C. Shona, a fractional uncertainty of ~ 16 % was given
for the adsorption cross section of oxyg&m{th, 2007 due to this being dependent

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

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

obtained through calibration withs@ctinometry, as shown g 3.5:

., 00 — —— Eq3.5

3.6 Using NO; Actinometry to Measure the Photolysis Rate of N@

The photolysis rate of N jNO., was measured bgctinometry of NQ 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 Nat approximately 15 % RH. The concentratof NG in
the mixture of NQ 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:

00 GOGUG O 0 R3.3
Using basic first order kinetics, it can be said that the loss of Witin the
illuminated region is given by:

Qoo
Qo

00 Eq 3.6

where j(NO) is the photolysis frequency of NCor the lamp used in these
experiments. From the measured lossN@k. in the illuminated region, and with
knowledge of the residence timg, the photolysis frequencyj(NO.) could be
determinedIntegratingEq 36 gives a value fofNO- based on the concentration of
NO2 and NO and the residence time in the fkowe:

Q0 0 .
— Q Qo Eq3.7
00
P .. T s
——QuuU Q Qo Eq3.8
00
P o Q Qo
P oo ae a
5 &S Eg3.10
a&Ho 1o N o Eq3.11
o€ ) 0
'rQ Ubu Eq312

where 0 U is the mixing ratio in ppb with the lamp on, i.e. including NO
photolysis, and0 0 is themixing ratioin ppb with the lamp offt is the residence

time within the flow reactor.

A small correction was made for any NEming off the walls of the flow tube and
therefae artificially increasing the N©value under illumination. The profiles of NO

and NQ throughout the actinometry are showrFigure3.17.
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Figure 3.17. NOx profile with time during NQactinometry. The illuminated periods are shadet

pink, with NG, (red) decreasing during these periad® to photolysignd NO (black) increasing

As the experiment progressed increasing known concentrations oWhi®@ added in a stepwis

manner.
An increase in the number of UV lamps (Analytica Jena2&®W Bench Lanp s, &=
300400 nm) led to an increasejMO,. The increase ifNO2 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 ligfensity.
For one lamp, the photolysis frequencyNO., was determined to be
(6.43 +0.30) 103s™.jNOzis given by:

@V , %O Eq3.13

where/1 andl 2 represent the range of wavelengths over which the lamp emits, and
» IS the wavelengtllependent absorptiesross sectiorfso is the photedissociation

guantum yield of N@andF/ is the flux of the lamp at a given wavelength.

From the measurgdNO., and with knowledge of for NO, the flux of the lamps
could be determined; for one lamp the flux was determined to be
(1.65 £0.02 10'* photons cn? stintegrated over the 290400 nm wavelength
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range of the lamp. Using the flux calculated and the knemand 7, for HONO over
the same wavelength rangéi lONO) was determined to be (1.66 + 0.04103 s

for one lamp. The measurgdNO.) and the calcalted flux and(HONO) values for
the different number of lamps is shownTiable3.4.

Number of j(NOp) value / st j(HONO) /st Flux / photons cm? st
Lamps
1 (6.43+0.30) 10° (1.66+0.10 10%  (1.63+0.09 10
2 (1.41+0.21) 102 (3.65+059 10°  (3.58+0.56 10
4 (3.23+0.92) 102 (8.35+2.49 10°  (8.29+2.39 10

Table 3.4. ]NOg, j(HONO) and fluxvaluescalculated through N£actinometry with 1, 2 and dench
lampsused.

The lamp flux increased as a function of Ilamps increasing to
(8.29+ 2.39  10' photons crit st for 4 lamps. The flux of the lamp, the spectral
intensity of which was measured using a Spectral Radiometer (Ocean Optics
QEG65000) as a function of wavelength is showRigure3.18.
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Figure 3.18 UVA emission spectrum for the 15 W bench lamp used in these experiments be

290-400 nm. The integrated photon flux over this wavelength rande@s & 002) 10 photons
cm? st determined from the measurgtlO;,) of (6.43 + 0.30) 103s™.
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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 peri@hd a SNR of J1the limit of detection was calculated to%e

ppt.

o YO 'Y Y
‘AU L S é(B

6 00 0

(o]

Eq3.14

where6 is the calibration facto3.63 10° counts mW moleculée! cn), YO 'Y
is the signal to noise ratidy is the OH background sign@O0 counts)t

is the averaging time for each data point (0.1L$),is the laser power (2 m\Wg, is

the number of offline point600)and¢ is the number of online poin(500).

3.8 Summary

In this chapter, the experimental setup for theLHFaerosol flow tube system was
described. This setup was used for measuring the production of HONO from
illuminated aerosol surfaces. An atomiser wasd to aerosolise solutions containing
photoreactive 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 typigmination 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 @855 nm.

The photolysis rate of Nfvas determined using N@hemical actinometry to obtain
J(NO2) and calculating the photon flux from this using our knowledge of the
relationship betweel{NO»), s1 for NOzand the spectral intensity of the lamp over th
wavelength range of 29@00 nm.j(HONO) was then calculated using the flux and
theknowns; for HONO in the same wavelength rang®&O), j(HONO) and lamp
flux were determined for 1 4 UV lamps ranging fron{6.43 + 0.30) 103 to
(3.23 £0.92) 102s!for j(NOy), (1.66 + 0.04) 103to (8.35 + 0.18) 103s™ for
j(HONO) and(1.65 + 0.02) 10'®to (8.29+ 0.09) 10'® photons crit s for lamp

flux.

109



The HONO instrument has been successfully calibrated for both OH and HQNO wi
calibration factors, 64 and Giono determined in Nto be (6.34+ 0.96) 10° counts
cm® molecule! st mw?!and 3.63 + 0.51) 10° counts mW respectively leading

to a calculated limit of detection of 9 ppt for a 50 s averaging period and atignal
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 andcNizentratn.

Further details of this are contained in subsequent chapters.
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4 HONO Production from Illluminated TiO > and
mixed TiIO/Ammonium Nitrate Aerosol Surfaces

4.1 Results of TiG; Aerosol experiments

4.1.1 Production of HONO from TiO 2 Aerosol Surfaces

The production of HONO on Ti@aerosol surfaces was measured as a function of
initial NO2 concentration. It was shown that for all initial Bi€@ncentrations, HONO
production increased as a function of aerosol surface area. An example experiment, at
200 ppb NG, is shown irFigure4.1.
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Figure 4.1. Dependence of HONO production on ti&erosol surface area. [N3= 200 ppb, RH =

15 + 1 %,illuminationtime =52 s photon flux =(1.63 + 0.09 10 photons cr? s?, in N, at 295

+ 3 K. Errors +10 showing variation in HONO signal. The naero intercept was due to HON

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 initiad NO
concentration, axied aerosol concentration 016 + 0.0008 sfm was chosen and
all HONO produced at this aerosol surface for each ét@centration was averaged,
the results of which are shown kilgure4.2. A rapid increase in HONO production

was seen at low NfOconcentration followed by a slower decrease after a peak at
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~ 54 ppb NQ. No plateau in HONO production was seen as a function of NO
concentratior(Stemmler et al., 200Dupart et al., 2014 The highest concentration
of HONO measured during all experiments wiasl0'® molecules cri (~1.6 ppb)
seen at 54 ppb NGor an aerosol surface of ~ 0.022mr.
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Figure 4.2. HONO concentration measured at the end of the flow tube as a function of the
NO; concentration, for the aerosol surface area density of (1.6 + A8F m?m3, relative humidity
15 + 1 %, photon flux}(.63 + 0.09 10'® photons cnt s1(290-400 nm wavelength range), reacti
time of 52 seconds and:Marrier gas. Each point is amerage of up to 20 measurements at the s
aerosol surface area and N&@ncentration. The higheaverageconcentration of HONO measure
for the aerosol surface area density in this plot w88 + 0.12 ppb at [Ng) =54 £ 5 ppb. The x
error bars represnt the sum in quadrature of the errors in theahd NQ gas flows and th&lO-
dilution. The y error bars represenfi. IThe SA varied over the experiments at differentzN
concentrations leading to a larger error in the quoted SA.

4.1.2 Relative Humidity Dependence of HONO Production from TiQ Aerosol
Surfaces

The productionof HON@vas measured over a range of
surface area concentratiéor multiple NO, concentrations. The results show a peak

at between 25 30 % RH.Figure4.3 shows the HONO concentration measured at a
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range of RH values for a xed aerosol surface area density of
(159+0.16 10?m?m3) and at two N@mixing ratios.
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Figure 4.3. RH dependence of HONO production fralaminated TiQ aerosol surfaces at 298
in N2at 71 (black) and 170 (red) ppb initial M@oncentration. Aerosaurface area density we
kept constant at (1.59 * 0.16) 102 m?m=. Photon flux =(1.63 = 0.09) 10'¢ photons cn? s?,

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

The fractional surface coverage of water on the:T&rosol corewfw ,was
calculated using the parameterisation below, determined using transmission IR
spectroscopyGoodman et al., 2001
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whereV is the volume of gas, i.e. water vapour in this case, in monolayers of coverage
adsorbed at equilibrium pressuiy, is the volume of gas necessary to cover the
surface of TiQ particles with a complete monolaye€ris the equilibrium pressury

is the saturation vapour pressucas the temperature dependant constant related to
the enthalpies of adsorption of the first and higher layers (taken as 78.4 kfomol
TiO2 (Goodmaret al., 200)) andn is the asymptotic limit of monolayers (8 for O
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(Goodman et al., 200Q)Lat large values d?/Po. The fractional coverage of water as a

function of RH (%) is Bown inFigure4.4.
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Figure 4.4. Monolayers of water on the surface of Ti@ 298 K as dunction of% RH calculated

using parameterisation liyoodman et al., 2001

Monolayer coverage was achieved tioe relative humidity{~15 % RH) used during

TiO2 experiments. Increaginthe humidity to 35 % RH, after which the RH
dependence iRigure4.3 has turned over, lead to an increase from 1 to 1.5 monolayers.
In Syomin and FinlaysoRitts, 2003 it wasshown that HONO can be displacey

water from a surface due to the preferential adsorption of water, leading to an increase
in HONO measured in the gas phase with Rikereforethe 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 adsorfdéw decrease in production at

~ 30 % would therefore be due to an increase in wateorption inhibiting N@
absorpion and/or electron/hole transfer processes at the./g#S interface
(Gustafsson et al., 20R6This could also be exacerbated by superhydrophilic
properties of TiQ surfaces under UV radiation meaning that water monolayers are
formedquickly on the surface of Ti©due to lightinduced surface tension changes
(Takeuchi et al., 20Q&ushfsson et al., 2006At the higher concentration of NO
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less HONO was produced at all RHs. This was expected given the decrease in HONO

produced with increasing N@oncentration seen experimentaliyigure4.2).

Gustafsson et al., 20@f#so reported a strong dependence of the uptake coefficient of
NO.Y HONO on RH, with a peak at ~ 15 % RH, decreasing at larger RH. A similar
trend for the uptake coefficient of NOnto Arizona Test Dust (ATPaerosol surfaces
(0.3% TiQ) was observed in a later study Dupart et al., 2014vith a peak irf

at ~25 % RH. This slightly higher trend inversion seerDiopart et al., 2014vas
ascribed to the loweroncentration of Ti@present in ATD aerosols as compared to
pure TiQ 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 siribution 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 report&aipgirt et al., 2014

This is similar to the unimodal aerosol size distribution for pure $&@n in this work,

an example size distribution is shourFigure4.5, 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 inversionGfi(y vs RH at
between 280 % RH.
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Figure 4.5. Typical aerosol surface area distribution for single component dé@sol{RH = 15
+ 1 %) measured after the flow tubEotal surface areis 0.018 M m3,

4.1.3 NO:2 Uptake Coefficient Calculations

The reactive uptake coefficient, o for NO2 HONO on TiQ aerosol particle
surfaces was determined experimentally for 18 initiab N(Xing ratios.The uptake
coefficient, o was defined as reactive N@ss per collisions with the T¥O

aerosol surface that resulted in the production of HONO asdcmlaulated using the

expression:
T Q
I V5 Eq4.2
where ’ is the mean thermal velocity of N@Qm s?), given by’ gy x¥“ o

with R, T andM as the gas constant, the absolute temperature and the molar mass of
NO, respectively, SA is the aerosol surface arean(fh andk is the first order rate
coefficient (') for the reaction of Ng&® HONO.

To determine the uptake coefficient, the psefidsi order rate coefficienk, for the
transformation of N@to HONO on TiQ aerosol surfaces was first calculatédvas
assumed that the yield of HONO was 100 % and all other loss processes afeNO

ignored.
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In the presence of illuminategkrosols, the rate of removal of Nét the aerosol

surface to generate HONO is given by:

Q00 .

90 Quu Eq4.3
Integration ofEq 4.3 gives:
P 00 ‘00 0 0
0 Lo Eq4.4
0

Wherek is the pseuddirst order rate coefficient for the loss of W@t the aerosol
surface leading to the formation of HON@,0 "0O0 0 0 is the concentration
of NO; at timet assuming that each N@ converted to a HONO molecule once taken
up onto thewrface, 0 0 s the initial concentration of Nandt is the illumination

period.

Therefore with knowledge of the initial N@nixing ratio, the HONO concentration
measured and the illuminatiorkican be determined froiag 4.4). Rearrangemeratf
Eq4.2 gives the uptake coefficient as a gradient of the pl&t(sf) vs SA (ntm=) for

each TiQexperiment at differing N©mixing ratios:

Q N [ o
—. Qi OoQeOdIYN a £ O—m—m—
V3 & - Eq45

Figure4.6 shows the variation df, determined usingqg4.4 with t= 52 s (illumination
time in the flow tube), as a function of aerosol surface area density, SA, for
00 = 200 ppb, from which the gradient usinggq 4.5) vyields
P =(2.17° 0.09) 10°.
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Figure 4.6. Pseuddfirst-order rate coefficient for HONO productida(open circles) as a functio
of aerosol surface area for [M@200 ppb and RH=15 +1 %, T = 293 + 3 K and a photolysis t
of 52 + 2 seconds. The red line is a lintsast squared fit includingdlconfidence bands (dashe
lines) weighted to bothx and y errors (k), the gradient of which vyield:
Afog kd p=(2.17° 0.09) 10°%, with the uncertainty representings(1 The total photon flux of
the lamp= (1.63 £ 0.09 10 photons cnt s™.

The reactive coefficient, o , onto TiQ aerosol surfaces as a function of initial

NO2 mixing, from 34 to 400 ppb of Nis shown inFigure4.7.
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Figure 4.7. Experimental results for the reactive uptake coefficient of té@orm HONO on TiQ
aerosol surfacesu | o 14 as a function of initial N@concentration. All experiments
conducted in Mat 15 + 1 % RH and 295 ¥hoton flux = (.63 + 0.09 10 photons cn? s?,
illumination time = 52 + 2 second$he uptake coefficient was determined from the gradient of
pseudefirst order rate coefficienk, versus aerosol surface area density varied fror®@®4 nim
3, using equatioicq 4.5.
The increase in o as a function of N@mixing ratio at low (<51 ppb) N©
has not been seen in previous studies of Hifsiven HONO production from the
surfaces of Ti@ containing aerosols Gustafsson et al., 2006dour et al.,
2008Dupart et al., 201dor from other aerosol surfacéroske et al., 200S$temmler
et al., 2007. It is, however, worth noting that several of these studies reported the
uptake of NQ onto the surfacg¢, , and not specifically the uptake of N@ form
HONO,r o ,thoughin all studies HONO was indirectly measuf@dstafsson
et al., 200@\dour et al., 200®upart et al., 2014 For pure TiQ aerosol surfaces,
Gustagson et al., 2006 reported a reactive uptake coeffigient,of 9.6 10* at
15 % RH and 100 ppbv NOThough at a similar RH this is ~36 times higher than the
reactive uptake coefficient observed in this work for the same M®ing ratio

(¢ o =(2.68 +0.23) 10°). Gustafsson et al., 2006 reported a HONO vyield

from NO; uptake of 0.75. Taking this into account, an estimated
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[ o = 7.2 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 (comsing of two bulbs) in comparison to the four 18W

UV lamps used by Gustafsson et al., 200Be uptake coefficients calculated from

our experiments showed a rapid increase at low @ peak at ~ 51 ppb before a
rapid decrease with further increase i©JAN A kinetic box model was used to
investigate the origins of this increase at lower,N@th the aim of providing a
possible mechanistic interpretation for this experimental result, described fully in
Section4.2.1

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 (14.661.2 nm range, sheath flow = 3 Ipm, instrumental particle counting
error ~1020% dependant on counting methaehs corrected for during analysis by
assuming a lognormal distributidatthews et al., 2014and 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 NO2 concentration was calculategbm the ratio of NQflow to N2 carrier

gas flow multiplied by the dilution of the N@ylinder (NG diluted in Np).

_ 00 QA OO
nn Y O'GO0EETO OeE W | ww

4 Q'Qa 6 VBD &N O Eq4.6

Through NQ actinometry the percentage of initial Bl@dded that was photolysed to
give NO by the lamps was determined giving the effective difdcentration within

the system. The following table shows thverage percentage conversion of NO

NO with one, two and four lamps illuminating the flowtube. From this a correction
can then be applied to give the effectiveadOncentration experienced by the system.
Alternatively initial NG concentration can be quoted with consideration given to the
photolysis of NQ. All uptake coefficient and HONO concentration data was quoted

as a function of initial N@concentration to @ke the results more comparable with
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previous work Gustafsson et al.,, 20emmler et al., 20Q0Wdour et al.,
2008Dupart et al., 2014

Number of Lamps Percentage of NQ 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 Ngxonverted through photolysis of UV lamps to NO

Using a U\tVis absorption instrument the dilution of the N&linder used in the
experiments was checked. Any degradation of the M@Qing ratio in the cylinder
was then modified to give corrected Ni@itial mixing ratios.

Fromj(NO), j(HONO) was calculated atetailed inSection3.6. From the ratio of
J(HONO) toj(NO>) a scale factor was decidechddHONO photolysis correction was
calculated from the sum of the scale factor and percentage spiNiolysed by 1
lamp atj(NO) of (6.43 + 0.30) 103s™.

~'O Q006 0 0
50 Eq4.7

For aj(NOy) of (6.43 + 0.30) 10°s'and aj(HONO) of (1.66 + 0.10) 10°s?, a
scale factor (SF) of 0.26as calculated, i.e. the rate of gas phase photolytic removal
of HONO is 26 % that of N®

00 0 §'@ 0 ¢ add Qi QO N@EDE aawdDETBG P YO Eq4.8
For 1lamp, for which the percentage conversion oRONO 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 NOz onto TiO2 Aerosol
Surfaces

The uncertainty irk, and therefore the uncertaintyfin , was controlled mainly by

the uncertainty in the HONO concentration, the initialoM@xing ratio (~10%) and
the photolysis time (~3 %Keeping the surface area constantiteto ~4 % variation

in HONO counts so an error of <449% was taken for . The, 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 BY* 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’1@m*. This mode however has 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 df vs SAto 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/ceflated trend ik and therefore theptake coefficientvith increasing aerosol
surface area. To compensate for this the gradient of the graph of [HOND] vs
throughout the day for the lamp off measurements was subtracted from the illuminated
measurementsThe error in the illuminated HONO counts, following removal of

variation in lamp off measurements, was then calculated &sjdd.

Eq4.9

” ” ”

The trend in lamp off tlmughout the day for an experiment with 200 ppk@hown
in Figure4.8. Changes in lamp off background throughout the day was thought to be
due to ay 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 Ht¢
produced with UV lamps on (black circles) ipeoduction from illuminated Ti@surfaces,
and with UV lamps off (red circles) i.e. HONO background in the lines/reacting of
walls of either the cell or the flotwbe.The gradient and intercept of the lamp off HO?!
dark trend was removed from theuithinated HONO data values to offset any vary

background.
To convertthe HONO counts into concentration, the counts were multiplied by a
calibration factorCrono, fully described in Section 3.5.2he,, was taken from

the calibration curveand was typically less than 20 %. The error in the HONO

concentration was therefore calculated ustgt.10:

OE1 1 QGDIKE 6¢ 06 Eq4.10

, ‘00 0 0

To calculate the uptake coefficient, the psefickt order rate coefficierk, (s') was
first calculated for the reaction of NOHONO,Eq4.11. The error irkwas calculated

from the sum in quadrature of the errors associated with][NMDONO] andt:

.- 00 0000 .

| ] — Qo
=5 Eq4.11
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Eq4.12

60 00 6 § \ ,
50 50 06006 60 Eq4.13

50 00 6 0 Eq4.14
G0

As the illumination time was calculated from the flow rate and the calculated flow
tube volume,, was propagated using the error in the flows of:l@d N and the

error in the calculated volume.

OEGRIE O VEGOGDQ Eq4.15
P
TS Eq4.16
The error ink can therefore be propagated from and, .
Q T3 ST ) Eq4.17
00 0

” was then be calculated from the ploket SA by multiplying,
by 4 and dividing by . It is worth noting that the value for  (with typically ~ 20

% error) was for experiments done in nitrogen was well withirether range as the

equivalent NQ experiment done in air (usually within 7 %).

4.1.4 Effect of Light Intensity on the Production of HONO from TiO 2 Aerosol
Surfaces

The effect of increasing light intensity on the production of HONO from &é@osols

was studied for 2 differeNO. values. The N@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 Nghotolysis and therefore a decrease in2NO

concentration. ldeally 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
decreasen HONO produced with an increase in lamps illuminating the system was
most likely due to the decrease in effective ,N&3 a result of increasing NO
photolysis. ThgNO2 value increases from (6.43 + 0.30)10° s for 1 lamp to(1.41

+0.21) 102s!for 2 lamps. The percentage conversion okRONO via photolysis
however also increased frol8.4 + 1.6 to 76.6 + 5.2. Future work should take into
account the increase in N@hotolysis and therefore would add a higher initial.NO

concentration

4.2 Modeling HONO Production from NO:2 Adsorption on

lluminated TiO 2 Aerosol Surfaces

4.2.1 Box Model Description and Results

As stated in sectiof.1.3 an increase ih o as afunction of N@mixing ratio

at low NQ has not been seen in previous studies of dghvten HONO production
from the surfaces of Ti©containing aerosolsjustafsson et al., 20édour et al.,
2008Dupart et al., 201dor from other aersol surfacesBroske et al., 20Q0$temmler

et al., 2007. In order to investigate the production mechanism of HONO on
illuminated TiQ aerosol surfaces, kinetic scheme within a box model was created
and used together with the differential equation solver Facsimile 4(MEPA
software Ltd., 202D The modelgproduced were seraixplicit, focusing instead on
the stoichiometric amount of N@eeded in order to produce a single HONO molecule
rather than trying to produce the absolute concentrations observed experimentally
These models were then compared to theeamental dependence of [HONO] on
NO2 mixing ratios and the reactive uptake coefficient, o , with the hope that

this would then provide a predictive framework for the parameterisation of HONO

production rate as a function of N the atmophere.

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 N@s previous literature would suggest, for the
uptake of NQ to give HONO on aerosol surfaces. Ligittven 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., 200Mdour et al., 200Bhas reported a decrease in Ndptake
coefficient as a function of NOmixing ratio, eventually levelling off at high NO
mixing ratioscaused by maximum surface coverage being reaéhddcrease in the

uptake coefficient of N@  honto dust aerosol surfaces has also been seen in

studies where the formation of HONO from NQptake was not directly studied
(Ndour et al., 200®upart et al., 2014

The mechanism in Model 1, outlined fully Trable4.3, described the adsorption of

one NQ molecule to a surface site which could thedergo reaction to form HONO
followed by desorption of HONO to the gas phasea starting point, rate coefficients

were estimated an order of magnitude faster than HONO loss rates to chamber surfaces
reported byFinlaysonrPitts et al., 2003with desorption taken as rapid so as to not be

the rate limiting steplThe primary focusf this modelwas to produce the relationship

betweeni o andthe NQ mixing ratig rather than discern a specific chemical

mechanism for the conversion of Nt® HONO on the aerosol surfadewas thought
that the lightdriven production of HONO from Nfcould occur via the photo

enhancement d? 4.1;
cO0 00 0 00 "000 R4.1

Gustafsson et al., 200@ported a yield of 75 % of HONO from NChowevey the
dark disproportionation reactiofR 4.1) would predict a 50% vyield of HONO.
Thereforethe HONO observed in their work vganot simply a product of the pheto
enhancement of the N@ydrolysis reaction to produce HONO and HN® equal
parts.Gustafsson et al., 20@uggestedhat an oxidant on the surface was produced
following the creation of the electrdrole pair giving HO> as aprobable product
which is consistent with the observation of H&dicals produced from the surface of
illuminated TiQ aerosolg{Moon et al., 201p Future work would be to measuresth
pH of the aerosols produced to ascertain i#DHis a byproduct. The reactions

includedin Model 1 are outlined ifable4.2.
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Reactions Rate coefficient

Model 1

R4.2 00 i 61 "QHON 1 103
R4.3 00 0 "00 1 103
R4.4 ‘o0 &  © 00 W 1 102

Table 4.2. Full reaction mechanism included Model 1used to model the uptake of N@ form

HONO on TiQ aerosol surfaced\ll rate coefficients are estimated, as described below,

Themodelledconcentration of HONO and the reactive uptake coeffi¢ients, :

as a function of initial N@mixing ratio for Model 1 are shown Figure4.9.
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Figure 4.9. Model 1 calculations for (a) the concentration of HONO and (b) the reactive uptake
coefficient to form HONQ s | o 4 14 pas a function of N@mixing ratio for a model run time of 52

s. The estimated rate coefficienised in this model are shownTable4.3.

Model 1 predicted an increase in [HONO] as a function of M@ing ratio until the
[HONO] started to level off, reaching ~ 0.25 ppb at BN© 400 ppb, owing, most
likely, to saturation of the active surface sites by,NIDe reactive uptake coefficient

was calculated from the modelled [HONO] and showed a morotetrease with
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increasing N@ mixing ratio; a variation in uptake coefficient similar to that seen in
previous lightdriven NQ aerosol uptake studieBrpske et al., 200Stemmler et al.,
2007Ndour et al., 200®upart et al., 2014 Model 1 did not predict the experimental
variations in [HONO] or uptakeoefficient shown irFigure 4.2 andFigure 4.7, in
which there is a rise and then fall in both [HONO] dnd o with increasing
NO2 mixing ratio suggesting a different stoichiometric relationship betweep NO
adsorbed and HONO fmed. Further models were designed to introduce additional
processes tpostulate a this behaviour.

4.2.1.2 Models 2 and 3: The role of NQ dimerization

To investigate the effect of a 2:1 stoichiometric relationship between the amount of
NO> adsorbed to the daice sites of TiQand the HONO desorbing from the surface,
two further models were designebe firstdescribinganEley-Rideal type mechanism
characterised by the adsorption of a single; N@lecule to the surface of TiO
following the adsorption of aasond molecule of N&Xo the first molecule, leading to

the creation of the N£dimer species hereafter referred to as Model 2; and the other
describing a LangmuiHinshelwood type mechanism of M@dsorption in which

both NG molecules adsorb to the surface before diffusing to one another and colliding
on the surface to form the N@imer, most likely the more stabies-ONO-NO>
conformer(FinlaysonPitts et al., 2008le Jesus Madeiros and Pimentel, 20ildand
Goddard, 2012/arner et al., 2014 hereafter referred to as Model 3

Both models assume tli@rmation of the stableissONO-NO. conformer following

NO: adsorpion, via a van der Waals complex followed by isomerisation to toams-
ONO-NOz2: a pathway whicthas been suggested to have a much lower enthalpic
barrier; ~170 kJ mdithan direct isomerisation from the symmetrigO dimer (Liu

and Goddard, 20)2NO> dimerization and the ensuing isomerisation to forams
ONO-NO:2 has been proposed under dark conditions &ol ® the production of
HONO and HNQ in the presence of watgFinlaysonPitts et al., 2008le Jesus
Madeiros and Pimentel, 2011u and Goddard, 201¥arner et al., 2014 However,

to our knowledge, this pathway has not been experimentally observed under
illuminated conditions. TheansONO-NO- dimer has also been suggested to be more
reactive with water than the symmetriccOd dimer (FinlaysonPitts et al.,
2003Ramazan et al., 2004Ramazan et al., 20€6u and Goddard, 201Ryson et

al., 202) and has been experimentally obsehin several studie§-ateley et al.,
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1959Givan and Loewenschuss, 198%a 1991 Pinnick et al., 199Forney et al.,
1993Wang and Koel, 19981999Beckers et al.,, 20)0This proposed increased
reactivity of theransONO-NO- dimerwith water isdue to the auteonisation to form
(NO")(NOs) which we propose tbelight-driven in some way. The (NZNO3’) ion

pair is then proposed to react with water on the surface which can then lead to the
formation of HONO and HNg) the feasibiliy of which is supported by molecular
dynamics simulation studi€¥arner et al., 2014 More recently, amb initio study by
Murdachaew et al., 201i&8to NO; adsorption at the awater interface suggested an
orientational preference of N@n the surface, with both oxygen atoms facing away
from the inerface implying that the asymmetric dimer, ONQ> could form directly

on the surface, withoutd®4 dimer being formed first. This remové®issue of the
high energybarrier between the symmetric and asymmetric formsinged be
surmountedo lead to DNO productionMurdachaew et al., 20).3t is also possible
that the energy barrier to isomerisation efito ONO-NO. may be reduced by the
interaction with surface adsorbed watdfe thereforanake the assumption that the
dimer formation is occurring on the water saturated surface preferentialtylaraiit

the possibility of the dimer in the gas phase adsorbing ostasuiface first then
reacting to form HON@Varner et al., 2014

Within Models 2 and 3ve do not specify the exact mechanism by which the electron
hole pairs in TiQinteract with any surface bound species in the formation of HONO
but instead propose that the interaction of light increases the rate -@bmigttion of
transONO-NO2 to (NO")(NOs), included inkras andkras in Models 2 and 3Table

4.3 below), which can then go on to react rapidly with water adsorbed to the surface
and lead to HONO productiqivarner et al., 201 {Dyson et al., 2021

Figure4.10 shows a schematic diagram of the proposed mechanism within Models 2
and 3, and consists @j the adsorption of N@onto a surface site, (ii) the conversion

of NOz to form HONO via the formation @n NG dimer intermediate on the surface
via either a EleyRideal or Langmuir Hinshelwoedype mechanism, (iii) subsequent
desorption of HONO from the surface, and finally (iv) competitive removal processes
for HONO both on the surface and in the gassphthat are either dependent or
independent on the NOnixing ratio. Gas phase photolysis of Nehd HONO and

the gas phase reactions of both HONO and Wit OH and OfP) atoms were also
included(Dyson et al., 2021
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Figure 4.10. Schematic diagram of proposed ligliven mechanism of HONO formation via tt

adsorption of N@and subsequent dimerization on an aerosol surface in the presence of wate

reactions of HONO dependent and independéiO; are also showrBoth Eley Rideal, Model 2

and Langmuir Hinshelwood, Model 3, mechanisms are shown with relevant estimated and ca

rate coefficients used also shown, detailed fully below. Nitrogen shown in black, oxygen sh

red andhydrogen shown in blue. * denotes intermediate steps of the isomerisation of sy

N2O4 to transONO-NO, which is then predicted to form HON@mage taken from Dyson et al

2021.
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To our knowledge the enthalpy of adsorption of2M@to TiQ, surfaes (aerosol or
coated) has not been determinedr the rate coefficients for theurface reactions
shown inFigure4.10. Because of this, for each step in the model, a rate coefficient
(st or cm?® molecule! s!) was assigned, detailed ifable 4.3, with the aim of
reproducing the experimentally determined Nd@ependence of HONO production

and uptake coefficient. Some rate coefficients were chosen based off modelling studies
in the literature, while others were varieditdhe shape of the trend in experimental
variaion of [HONO] and® o versus [NQ]. The exceptions to this were the
experimentallydetermined(NO2) and the calculatefHONO). Justification for the

chosen values of rate coefficiemgiven below:
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Reactions Rate coefficient

Model 2 and 3

Model 2 onlyi Eley-Rideal mechanism
R4.5 00 00 °O 060 00 1 107

3
R4.6 66 GO WU 00 000 510

Model 3 onlyi LangmuirHinshelwood mechanism
R4.7 00 00 000 00 1 10%

3
RA8 4y 60 WU 00 00 510

Common to bthModels 2 and 3

R4.2 00 i 01 "O%HON 1 10t
R4.9 ‘00§ © 00 5 102
R4.10 000 00 W 0 ¢0U 0 ‘00 1 10%
R4.11 00 o0 H  © 60 00 00 1 103
R4.12 00  £1i N 'Qc @il 00 5 10°
° (0 060
R4.13 00 QOGO O 0 6 10%
R4.14 00 MO0 060 2 10%
R4.15 0060 O 0 dad i 1 10*
R4.16 00 & 00 © (0 00 45 10t
RA17 66 60 © 08 1107
R4.18 O 0 06 ©°90 00 1 10
R4.19 o 0 0 00 1.5 10%
RA4.20 6 0 GG 000 17 10

Table 4.3. Full reaction mechanism includedimodels 13 used to model the uptake of N form
HONO on TiQ aerosol surfaced\ll rate coefficients are estimated with the exception of the &@
HONO photolysis rate coefficieAMeasured using chemical actinometry with the knowledge of the
experimatally determined spectral output of the lamp and the ees8ons and quantum yields of
NO. and HONO, se&ection3.6 for more detail’Calculated using a photon flux ¢£.63 + 0.09)

10% photons crt s1.cSander et al., 2@ Rate coefficients are in the units df@ cn®® molecule! s,
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Pimental et al., 200&stimated lie modelled Gibbs free energy barrier for the
isomerisation of MO4 to form the asymmetric ON®O; isomer to be 87 kihol? in

the aqueous phase at 298 Iéwer than in the gas phase, with a maximum rate
coefficient of 2 103 s! at room temp, increasing to2l. 102 s! at 373 K,
confirming the Finlaysoiitts model for the hydrolysis of NOn surfaces virans
ONO-NO: (FinlaysonPitts et al., 2008 From this the modelled rate coefficients for
theisomerisationautaionisation and desorption of HONO for Models 2 and3.6
andkras, were estimated as 5103 s?, increased slightly compared to those estimated
by Pimental et al., 200due to the presence of light in this stuBgrkrs.skra.s, initial
values were implemented and were then adjusted to fit the shape of the trend in
experimental variation of [HONO] afid o versus [NQ], shown inFigure4.2
andFigure4.7. Syomin and FinlaysoRitts (2003) proposed a rate coefficient for the
decomposition of HONO on borosilicate gta chamber walls to be
(1.0£0.2) 10*stincreasingto (3.9 + 1.1) 10* s* with a preconditioned chamber
coating of HNQ@ on the walls From this the lightdriven loss rate of HON@)s)via
reaction with HNQds)and selfreaction, respectivelkka.10 andkra.11, was estimated

as 1 10°st 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 TiQ; aerosol surface leading tokes1s of 1 10* s* as seerby Syomin and
FinlaysonPitts, 2003 Gas phase loss reactions of HONO and:N@th OH
(R4.16R4.17) and the reaains of OfP) with NO, NQ and Q (R4.18R4.20 were

also included in the modebf which experimentally determined values were used
(Sander et al., 2003 However, their inclusion had little effect on the HONO
concentration, as the rates B#.16-R4.20 were much slower than HONO loss
reactions on the surfacB4.10-R4.12) and the photolysis reactiori4.14) within the
model The adsorption of an NOnolecule to the surfacéras.,, was assumetb be
rapid and not the rate determining stefModels 2 and 3The desorption of HONO
was also assumed to be rapid, faster than the rate of loss of adsorbed HONO but slower
than the adsorption of Nfphese assumptions were necessary for the model to
reproduce the trend in the experimental resulifiHONO] versus [NQ], discussed
fully in Sections4.1.1and4.1.3

An interesting question posed by this modellingvisether the first N@ molecule

adsorbed to the surface dimerises via the addition of another gasepusoMCule
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via an EleyRideal (ER) type process, or whether a Langrilinshdwood (LH) type
mechanism is occurring in which both Bi@olecules are first adsorbed to the surface
before diffusing together to form2N4. It is worth noting that while Langmuir
Hinshelwood mechanisms are widely assumed to be the mechaniseteimgeneus
catalysis Emeline et al., 2006ast doubt on the use and validity of this assumption,
concluding that the Langmuiinshelwood mechanism cagcount for experimental
observations for some heterogeneous catalysis reactions but not for heterogeneous
photocatalysis reaction3.he outputs for Models 2 and 3 (Seable4.3 for full details

of thereactiors included) for the HONO concentration dnd o as a function

of NO2 are shown irFigure4.11; 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 stoikiometric relationship of 2 NfOmoleculesadsorbed to the
surface and used to form one HONO was nece¢Byson et al., 2021
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Figure 4.11. Experimental values (opagircles with B error bars)Model 2 (greenline) andModel
3 (pink line) calculationsfor (a) HONO concentration after 52 s illuminati@and (b) NO, reactive

uptake coefficientzu | o4 4 tas a function othe initial NOz mixing ratia The mechanisms use

for these model runs included a 2:1 stoichiometric relationship between thadd$@rbed on the
TiO2 aerosol surface and the HONO produced, as well as additional HONO loss reactions wl
dependent on Nf) see Table 1 for detaildodels 2 and use an Eldideal and Langmuir
Hinshelwood mechanisms, respectively, for the formation of thedif@®er on the aerosol surface
Previous work by Stemmler et al., 200%o the production of HONO from humic acid
aerosols showed [HONO] plateag off with increasing N@mixing ratio, with the
decreasing uptake coefficiefit, o , with increasing N@ being attributed to
NO: fully saturating available surface sites. However, the observed decrease of
[HONO] at the high N@mixing ratiosshown in this workKigure4.2 andFigure4.7)
suggests that additional surface loss processes of HONO may be fbesetd.the
observed [HONO] decreasirgs a function N@ mixing ratio after ~ 54ppb, the

removal process most likelyvnlves NQ directly:

0006000 ©00 "O00 R4.12
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or potentially sspecies made rapidly from N©n the surface, such as NO
00 B 00 ©'0 ¢60 O R4.12a

which may be present if high enough concentrations of H&I® present on the
surface(Syomin and FinlaysoRitts, 2003 or following reaction withE , or a
product of the reaction @f € iQ with NO2 (R4.12) i.e. N@ (Dyson et al., 2021

A study byBedjanian and El Zein, 201@bserved the formation of Ndfrom the
oxidation of HONO) and NO (from the reduction of HONO) from the reaction of
adsobed HONO on Ti@surfaces in both dark and illuminated conditions proposed

to be via the reaction of ggdase and adsorbed HONO to generaté &l NQ™. A

later paper from the same group, assumed the presence of additional HONO surface
loss pathways ocring under illumination due to the presence @ndh® (El Zein et

al., 2013.

The reaction of HONO with N&in the gas phase is too slow to be imporfanthis
system Transition state theory (TST) studies of the reactioAl©@NO with NG in

the gas phase to form HNQalculated a large activation energy which varied
dependant on the abstraction channel: via O abstraction by HONO (159 RJamol
via OH abstraction via NO(~133246 kJ mof) (Lu et al., 200D However, these
reactions could be enhanced on the surface, especially in the presence of light. The
NO2 dependant loss reactid@a.12in Table 3, was necessary in the model to reproduce
the rapid decrease in trend in [HONO)] versus,N€en experimentally after ~54 ppb
NO.. Withoutkrs.12the modelled [HONO] continued to increase to a plateau, as seen
in Model 1 (sed-igure4.9) where no N@dependant loss reactions wepnsidered.

In order to see the model results as showkignre4.11 for model 2 and 3r4.12also

had to be slower than the desorption of HONO from the surkage, Another key
condition was thakrass, the rate of desorption of HONO, had to be larger #ano
andkra.13, the adsorbed HONO loss rates, but slower than the initial adsorgt#oof

NO2, kra.2.

Of all the loss reactions of HONO included in Models 2 and 3, theddf@endent 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. EJNOuld remain adsorbed and
therefore block active sites on the %iGurface, effectively poisoninthe phote
catalystand slowing the adsorption of N@nd formation ofHONO. However,
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addition of the N@independent loss reactions in the moklel,;oandkra4.11had little

effect on the variation in [HONOQO)] with increasing Bfdixing ratio, only havingan

effect on the overall [HONOJ], suggesting Ni® involved in the loss of HONO. It is
likely that this effect is more than just TiGurface poisoning given the short time
period of the model. HN§) for example, has been shown to remain adsorbed to
surfaces once forme@ékamaki et al., 1988itts et al., 198%&inlaysonPitts et al.,
2003Ramazan et al., 2004and may also react with adsorbed HONO, further
reducing the product yield of gaseous HONFinfaysonPitts et al., 2008 these NQ
independent loss reactions may therefore become more important at higher NO

concentrations when suriaconcentrations of HONO and HN@ill be higher:

00 W ‘000 0 ¢uo 00 0 R4.21

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
gasto-particle conversion of any HN@ormed was not considered to be important as

it was assumed that any HN@rmed would remain adsorbed to the aerosol surface
(Sakamaki et al., 198Bitts et al., 198#inlaysonPitts et al., 200Ramazan et al.,
20043.

Several conditions were required for each model to reproduce the trend in observed
HONOand o as a function of N@mixing ratio.For Model 2 (EleyRideal

type mechanism), in order to reproduce the experimentally observed rapid increase
followed by a rapid decrease in both [HONO] dnd o as a function of
increasing N@mixing ratio(Figure4.2 andFigure4.7), the modelled rate coefficient

for the adsorption of a ggghase N@molecule to another the surface adsorbed NO
leading to the initial formation of the symmetrie®d dimer, krsas, had to be greater

than krss, the isomerisation step vimansONO-NO, to form HONO andHNOs
(Dyson et al.,, 2021 In comparison, for Model 3 (Langmtitinshelwood type
mechanism), the modelled rate coefficient for the diffusion of ongriv@ecule onto

and across the surface leading to the formation of the dimer with another NO
molecule kra7, had to be smaller than the isomerisation skejs, to more closely
represent the experimental results for the uptake coefficizygofy et al.,2021).
Furthermorejn order to reproduce the experimental increase in HONO formation at
>54 ppb NQ, the rate coefficient for the N@lependent loss reactiokks.12, had to
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be larger than those for the N@dependent reactionkr4.10 andkrs.11, leading to
keaiz=5 103s?, a factor of 5 largefjustification forkrs.10andkra4.11values given

in Section4.2.]). In addition to the N@independentoss reactins, the modelled
[HONO] wasalso sensitive to the active site surface concentration. This is due to the
difference in active site occupationthre 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 NQ observed in the experimental results owing to one active site being
occupied by two N@molecules as opposed Model 3 where two active sites are
occupied per HONO formedgson et al., @21). Both models reproduce the general
shape of [HONO] and o with increasing N@ mixing ratio, providing
evidence that two N©molecules are required to form HONO regardless of whether

the mechanism is considered Langmuir Hinshelwood or Eley Rideal.

It is worth noting thatthe| o values calculated from observed HONO
production on TO. aerosol surfaces in this woiks detailed irsectiord4.1.3 assumes

a 1:1 stoichiometric relationship between N&isorbed to the aerosol surface and
HONO formed. If, as proposed by the modellingfudies in Sectiom.2.1, the
stoichiometric relationship is 2:Xhe calculation of k, the pseudicst order rate
coefficient for the loss of Ng&xo produce HONO on aerosol surface, shown in Eq. 4.4
should be corrected to take this into accaueaining that o will be a factor

of 2 smaller than the valugsioted in this thesis chapter for all N€ncentrations. It
was decidedhat ths correction, would not be implemented in this work, in order to
make thel o values more comparable with those measured in previous

literature (Gustafsson et al., 2Q0&dour et al.2008Dupart et al., 2014)

4.3 HONO Production from TiO 2 and Ammonium Nitrate Aerosol

Mixture

Particulate nitrate photolysis has been suggested as altigah source of HONO
under ambient conditions during several field campaigns, with both aircraft and
ground based instrumer({Reed et al., 201Ye et al., 2017&e et al., 2017 In this

work, experiments were carried out to investigate if2T¢Ould make the nitrate in
ammonium nitrate chemically available for redan to HONO. This is thought to be
relevant in marine environments where the photolysis of particulate nitrate has been
observed to produce HON®¢ed et al., 201Ye et al., 2017& e et al., 2017p Areas
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such as off theoast of Asia are of particular interest for this process due to the
availability of TiG dust within the dust plumes which blow off the Gobi desert and
the high concentrations of N@om the Beijing areéSaliba et al., 2004

Using the aerosol flow tube setup, described full$ection3.2, an aqueous solution

of ammonium nitrate (5 g NAOs in 500 ml milli-Q water) was usd to generate
nitrate aerosols using an atomiser. The relative humidity used for the pure nitrate
aerosol experiments was higher than that used in theeki@@riments as, unlike TO
where the photocatalytic activity is negatively affected by RH above %]
ammonium nitrate aerosols have a higher efflorescence point of between
~13.723.9 % RH, as determined by a recent Raman micro spectroscopy\stuigy

al.,, 2019. As such the aerosols were kept above 30 % to ensure their state was
deliquesced. The reence time within the flow tube was 30 seconds (flow rate

~ 61pm) with the aerosols being under illumination for the entire residence time. The
number of lamps used was increased from 1, used in thgNR experiments
described in Sectiod.1.3 to 4, thereby increasing the photon flux from
(1.63 £ 0.09) 10% to (8.21+ 2.39) 10' photons crt s! and j(NO) from

(6.43 £0.30) 10°to (3.23 £0.92) 10?s?. Thej(NO,), 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 tomarease 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 iphass NQadded.
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/TiO
Although a small amount of HONO wabserved 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 surfe
density for pure NENOs aerosol (black open squares, error bars represgiaiit 1:1 TiQ/NH4sNO3
mixed aerosol (red open circles, error bars represnBbth experiments were performed in &
295 K, an illuminated residence time of 30 s, and a lanopgm flux of .29+ 2.39) 10 photons
cm? st The NHNO; only experiment was performed at ~50 + 5 % RH while the;/NB4NO;3
mix experiment was performed at 20 £ 2 % RH. For all points, the background HONO seen ol
without illumination has been subtracted. At zero aerosol surface area density there is no
generated from the walls of the flow tulighe variation in HONQproduced for the mixed nitrat
dust aerosol was thought to be due to the difficulties that arose fropad@ammonium nitrate nc

being completely miscible with TiKending to precipitate out of solution.

As shown in Figure4.12, a second set of experiments was conducted with an aqueous
aerosol solution of Ti®@and ammonium nitrate in a 1:1 mass ratio (5 gNGBk and

5 g TiG: in 500 ml milli-Q water) to investigate the effect of the Tji@s a photo
catalyst, on the production of HONO from ammonium nitrate without the addition of
gasphase NQ For this set of)gperiments, the RH was decreased back to ~ 20% RH
to aid the photeatalytic activity of TiQ. However, it is possible the aerosols were
still wet at this low RHWu et al., 2019 The presence of Tgdn the aerosol mixture

lead to a significant production of HONO withobetaddition of N@, a potentially

significant result for the production of HONO in low NGigh 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 thed@sért.

4.3.1.1 Calculation of the Particulate Nitrate Photolysis Rate with and without
the Presence of a Photgatalyst

The particulate nitrate photolysis rag@NGOs), was calculated from the experiments
with mixed nitrate/TiQ 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)legg et al., 1998Vexler and Clegg, 2002

the nitrate content of an aerosols at both 20 % and 50 % RH was calculated to match
the experimental conditions of T#DIH4sNOz and NHINOs respectively. The Ti®
content was assumed to not have anceffe this amount of nitrate within the aerosol
phase. From this, and the aerosol volume distribution measured by the SMPS during
the experiments, the [NK within the aerosol phase was calculated. The production

of HONO by the photolysis of particulatémate is given by:

2 gy Eq4.18
Qo T qs

And hence:
o660 S .1 0 Eq4.19

wherej(pNQs) is the photolysis rate of particulate nitraté)(gor the lamps used in

these experiments amds the illumination time (s).

With knowledge of [HONO][NOz] and an illumination time of 30 $pNOs) was
calculated from the gradient of the plot of [HONO)] as a functiofN@z]. Figure
4.13 shows the dependence of [HONO] on [Ndor mixed nitrate/TiQ aerosol

experiment.
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Figure 4.13. Dependence of [HONO] on the nitrate content within the aerosol phase, calc

using the AIM model for the mixed nitrate/Ti®@xperiment. From the gradient of this pidpNOs)

was calculated to b@.29 + 0.89) 10*s?. Experimentperformed at 15 + 1 % RH, inMit 295 K

with a lamp photon flwof (8.29+ 2.39) 10% photons cn? s*. For all points, the backgroun

HONO seen observed without illumination has been subtracted.

For the mixeditrate/TiQ experiment, the experimental particulate nitrate photolysis
ratg j(pNQs), was determined to be (3.29 + 0.89)10* s for a photon flux of
(8.29+ 2.39) 10 photons crt s1. Fromthis experimental value, it was possible to
estimate an ambien{pNQOzs) typical of the tropical marine boundary layer. The ratio
of the experimentg(HONO) for 4 lamp<(8.35 + 0.18) 103s?) andthe measured
j(HONO) from the RHaMBLe campaign (1.210° s!) held at the Cape Verde
Atmospheric Observatory [Majyune,2007] Carpenter et al., 201Whalley et al.,
201QReed et al., 20)7was used to normaligépNOs) to ambient conditions by
assuminghatj(pNGs) andj(HONO) scale in the same way. As such ambjgitiOs)

was determined from:

o ./ o ./ W Eq4.20
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where’QD ./ is the photolysis rate of particulate nitrate at Cape Véase,/

is the experimentally determined photolysis
O( / . listhe HONO photolysis rate coefficient calculated from the experimentally
determined(NO-) (Dyson et al., 2021 fully described in SectioB.6.

Using Eq 4.20 andj(pNQs) = (3.29 + 0.89) 10* s?, calculated from the mixed
nitrate/MiO2 experiment, the rate of HONO production from ambient particulate nitrate
photolysis at Cape Verde was calculated to(le./ = (4.73 + 1.01) 10°s?
(Dyson et al., 2021 In comparison, for pure nitrate aerosols in the absehTeO-
(Figure4.13) thedata was scattered and the HONO production was small even at the
highest aerosol surface area. As such, an upper Ilimit estimate of
™./ =(1.06+1.15) 10°s!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 TiO 2-containing Aerosols in the
Presence of NQ

A maximum reactive uptake coefficient for the conversion ot MOHONO on the
surface of illuminated Ti@aerosol particles was experimentally determined to be
[ o =(1.26 +0.17) 10*at 51 + 5 ppb N@for a photon flux from the lamp
of (1.63 £ 0.09) 10 photons crit st. For the experiments with Tin the presence

of NOy, single component Tigparticles were used, and so for dust aerosols which
comprise of 0.110 % TiQ, avalue of o =(1.26+0.17) 10°is appropriate

assuming a maximum of 10 % of Ti@nd/or other photoactive materials in mineral
dust(Hanisch and Crowley, 20D3This uptake coefficient valueuld be important

for areas such as urban China: dust aerosols are transported from the Gobi desert to
areas of high N@and nitrate aerosols concentrations, such as Beijing where HONO
production catalysed by photoactive materials in dust could be imp(8&liba et al.,
2014Dyson et al., 2021 Under haze weather conditions,e. when

PMz5> 75ug m3, when Q was low and N@was highHe et al., 2014eported a full

aerosol chemical compadsin from 5 haze episodes in the Beifiliganjin-Hebei

regions of China in January 2Qlshowing that mineral dust can reach up to 10 % of
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total aerosol compositio For the same campaign in Beijing it was reported that on

averag€l2 + 1 % of aerosol was particulate nitratke (et al., 2014

A production rate of HONO from the experimental results in this work was estimated
for a nonhaze period in summer in Beijing (AIRPRO campaign in central Beijing in
May-June 2017) to investigate the effect on HONO budget thaudtake could have

in urban China. The average daytime maximum values fog][N@®IO.) and aerosol
surface arefor a nonrhaze (PMs < 75ug m?3) period in MayJune 2018 in Beijing

was 50 ppbl 10%2stand 2.5 10°m?m= (a maximum of 0.3 % was assumed to
be TiQ, though this could be higher for dust impacted eveSahklgicher et al., 20)0
respectively. Using these values fiMO2], j(NO2) and aerosol surface area,
production rate of HONO of 1.70 10° molecules cii s (~24.8 ppt i) has been

estimated usingy o =(1.26 £ 0.17) 10*which was then scaled by a factor

of 1.55 to account for the small difference in experimental and ambient plhaton f
for Beijing (Dyson et al., 2021)The scaling was necessary as the lamp used to
illuminate the surface of the Ti&erosols in these experiments gave risej{dl@.)
=(6.43+0.3) 103s?, afactor of 1.55 less than noontijldO2) measured in Beijing
during AIRPRO campaignThis value is similar to the maximum production of
HONO from urban humic acid aerosols in Europe reported to be 17-bat B0 ppb

NO2 by Stemmler et al., 200For comparison, the net gas phase production rate of
HONO, 0 , under the same conditions, midday in Beijing summer 2018, was

determined from the measured gas phase production and losses:

0 o] 0060 N/ .1 (/. Eq4.21

0 I ( (1.1

where Q = 3.3 10" cm® molecule! st (Atkinson et al., 2004
komsono = 6 102 cm® moleculet s! (Atkinson et al., 2004 and
j(HONO)=1 10?2 s! for an average maximum noontime OH concentration of
8 10° molecules cri(Whalley et al., 202), NO concentration of 1.45 ppWhalley

et al., 2021 and HONO concentration of 0.8 pplyitalley et al., 2021

0 was calculatedo be-3.8 ppb ht. This net loss suggested the production of
HONO from TiQ aerosol surfaces in the presence obMOuld have little effect on
the overall HONO budget for summertime in Beijing due to HONO destruction being

dominated by loss via photolysis at sataon(Dyson et al., 2021
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4.3.2.2 Production of HONO from Pure Nitrate and Mixed Dust/Nitrate
Aerosols without NO

Marine environments, for example off the coast of West Africa whighpscted 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
NO2 concentrations presenH#&nisch and Crowley, 2008e et al.,, 2017p As
described in sectiod.3.1.1 from laboratory experiments into HONO production
without the addition of N@on mixed ammonium nitrate/Tig&erosols, a particulate
nitrate photolys rate ofa ' ./ = (3.29 + 0.89) 10* s! was estimated.

‘Ob ./ 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 aerosolsPsing ‘0D ./ and an average midday concentration of
nitrate aerosols of 0Pppt measured at Cape Ver&eéd et al., 20)7a rate of HONO
production from particulate nitrate,0 o , was calculated as

4.65 10° molecule cr st (68 ppt hit). This calculated o 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 Verds w
calculated from the measured [HONO] and the known gas phase production and loss
routes of HONO:

0 OO0 /. Q 00 0 I (.1 Eq4.22

where Q = 3.3 10" cm® molecule! s! (Atkinson et al., 200¢
KomsHono = 6 102 cm® molecule! s! (Atkinson et al., 2004 and
j(HONO)=2 10° s! for an average maximum concentoa of
1 10" molecules cni for OH (Whalley et al., 2010 5.41 10" molecule cr for
NO (Whalley et al., 2010and 1.23 10 molecule crit for HONO (Whalley et al.,
2010.

The missing HONO production raté, , for Cape Verde was calculated to be
34.6 ppt htt suggesting a particulate nitrate photolysis rate of 68 pbtbuld be
significant in closing the HONO budget for this environmeWthélley et al.,
2010QReed et al., 201Ye et al., 2017®yson et al., 2021
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4.3.3 Experimental Summary: HONO Production from Aerosol Surfaces

The production of HONO from illuminated Ti@ero®l surfaces in the presence of

NO. was investigated. The reactive uptake coefficients ofWNBONO ont o t he
illuminated TiQ aerosol surfaces were determined for.M@xing ratios from34 to

400 ppb with a maximum® o value of (1.26 + 0.17) 10* for single

component TiQ@ aerosols observed at 51 ppb Né@nd for a lamp flux of
(1.63 + 0.02) 10% photons cr# s? (integrated between 290 and 400 nm). The
measured uptake coefficients varied with increasing Ming ratio showing an
increase, peaking at 51 ppb £ 5 g@0., thensubsequent decrease as a function of
NO- mixing ratio: a dependence on M@ot supportedoy reaction of NQwith H.O

to give HONO and HNg) seen previously as a dark reactigyomin and Finlaysoen
Pitts, 2003. Kinetic box modelling studies supported a mechanism involving two NO
molecules per HONO molecule generated, suggesting the formation ofaatiri&
intermediate, the exact mechanism of which is unclear. Using previous studies we
propose the process ocswia the isomerisation of the symmetrigON dimer to give
transONO-NO;, either viacisONO-NO: or directly, suggested to be more reactive
with water than the symmetric dimdfiglaysonPitts et al., 200Ramazan et al.,
2004hRamazan et al2006de Jesus Madeiros and Pimentel, 20flland Goddard,
2012Murdachaew et al.,, 2@ivVarner et al., 2014 Using the experimentally

determined uptake coefficient for HONO production from_NPtake] o :

the rate of HONO production from illuminated aerosols in Beijing in Summer 2017
for typical NG 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*hand 17ppt ht respectively(Stemmler et al.,
2007%Dyson et al., 2021

The relative humidity dependence of HONO production o, Bidfaces with N@
mixing ratio was also investigated showing a peak in HONO production at
approximately ~30 %. At much higher M€oncentrations 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 onhie 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 thEdeby

reducing effective ligt 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 NQ hydrolyss reaction until ~ 30% RH whereupon the production

is observed to decrease due most likely to increased water surface concentration

inhibiting the NQ adsorption process.

In the absence of NQthe production of HONO from nitrate aerosols was also
investgated to determine if nitrate aerosols alone were a significant source of HONO
from particulate nitrate photolysis or whether Zi@hen added, could make the
nitrate in ammonium nitrate available for HONO formation. With addition of;,TiO
significant prodiction of HONO was seen with increasing aerosol surface ldsazy
experimental results, a rate of HONO production from nitrate photolysis, in the
presence of Ti@) was calculated for ambient conditions in marine environments,
scaled to the ambient conidits encountered at Cape Verde Atmospheric
Observatory, to be 68 ppthior the’QD ./ calculated from the mixed nitrate/TiO
experiments. This is similar in magnitude to the missing HONO production rate
calculated previously for the RHaMBLe campaigggesting for low N®, high dust
environments particulate nitrate photolysis coutdrportant for the HONO budget
(Ye etal., 2016¥e et al., 2016§xe et al., 2017& e et al., 2017p

In comparison, production of HONO from pure, deliguesced ammonium nitrate
aerosols alone, without the addition of N& photocatalytic Ti@ however could not

be definitively confirmed for the range of conditions studied Herturework 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 using a Potential Aerosol Mass
Chamber

5.1 The Importance of SOAs

Secondary organic aerosols (SOASs) are generated fromdtadility products formed

via the oxidation of volatile organic compounds (VOCgpjdally monoterpenes and
aromatic compounds. Once formed these low volatility products can either nucleate
or partition omo existing aerosol particleSOAs account for a large fraction of the
organic matter in the troposphere with up to 90 % of thenicgearticulate matter in
urban areas being from SOA&hakidou et al., 200bakey efal., 20163 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 produts must be low enough for them to either condense onto nearby particles or
to homogenously nucleate once gas phase saturation level has been 2achbdd

et al., 201iMatthews, 2014

As mentioned irSectionl.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\yhre et al., 2018 Understanding the sources,
atmospheric processes and chemical properties will therefore allow the impacts of
SOAs on human héh and climate to be more accurately predict€dng et al.,

2007).

A large fraction of normethane hydrocarbons are terpenes. Terpenes, sugh as
pinene or limonene, are emitted from the biosphere with an estimated global emission
rate of 16* g yr!, ~35 % of which idJ-pinene(Zhang and Zang, 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 30is relatively slow, with a redon rate of
2.13 10 cm® molecule! st at 298 K, making this reaction ideal for the study of

new particle formation in reaction chambédth@maganov 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 enviramtaleehamber which are used

to generate highghanambient oxidant concentrations typically using OH ara®

the oxidants formed vighotolysis of HO, G; and Q (Peng et al., 201Peng and
Jimenez, 2020 In recent years, the use of OFRs forshely of VOC oxidation and
SOA formation has grown. Rotential Aerosol Mass (PAM) chambeais OFRused

to study the maximum aerosol mass that cagdmeratedrom oxidation of precursor
VOCsallowing the investigation dBOA processes in a controlledvironmentBoth

the precursor and the oxidant, most commonly OH a@r i©® 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., 200) These aerosols cdhen be characterised using a Mass
Spectrometer or a ScanniMpbility Particle Sizer (SMPS). Oxidation flow reactors,
of which a PAM chamber is an exampl e,

185 and 254 nm (AOFR1850) . OsF éxt2rbally r equi r es

produced to the PAM chambelye to thedmps inside the chamber being encased in
guartz tubes, meaning only 254 nm photons are available. Fimr&@luced into the
chamber can then be photolysed at 254mgive OH Peng and Jimenez, 2020

6 0 wuw 50 O R1.1

50O OGO ciO 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 faitmewdgh the HO vapour
photolysis (some OH is lost to the walls if the 185 nm is external to the PAM chamber
however OH will stl be present in the chamber) and @ formedthrough Q
photolysis Peng et al., 2095
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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 SOAyields from different biogenic and anthropogenic VOCs to be studied.
From such studies it has been shown that SOA yield depends on the VQ@tiNO

(Ng et al., 200Loza et al., 201¢4 the volatility and concentration of the VOC
precursor Presto and Donahue, 2Q0@&xposure time ([OH) of the oxidant llambe

et al., 2012d.ambe et al., 200)5and the presence of seed particles which can be used
to promote condensation of volatile species into the aerosol dhersd¢ et al., 2015

Larger batckstyle environmental chambers have long residence times of several hours
and lower oxidantoncentrations (i.e. 00" molecule cri¥ OH) and are designed to
specifically simulate the timescale of SOA formation in the atmosphanele et al.,
2015. The concept of a PAM chamber was first introdulsgdanget al.2007as a
method of simulating atmospheric phatidation at much faster time scales of a few
minutes, with OH concentrations up to ~ hfblecule cri? (Kang et al., 200F.ambe

et al., 201%. This study also reported negligible wall loss effects, a big advantage over

traditional environmental chambetsang et al., 2007

A recent studyKang et al., 2018into photochemical ageing using a PAM chamber
showed through High Resolution Time of Flight Aerosol Mass Spectrometry (HR
ToRAMS) that the H:C and O:C ratios within the chamber were in close agreement
with those generated ambientlgspite the much highexidant levels, estimated to
be 7 10" molecules cri 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 emsssiod long range
transported air massekKdng et al., 2018 In addition to laboratory studies, SOA
formation has also been studied with ambient @tgga et al., 201Balm et al.,
2017, as well as more recent studies on SOA production from vehicle exRealsti(

et al., 201&hao et al., 2013

To our knowledge the only study which investigated the uptake ofdi@ SOA
formed from a PAM chamber was done by the Leeds group in 20\ et al.,
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20163. In this study the first measurements for HPtake onto SOA particles were
reported to be <0.001 forU-pineneand/ =0.004 + 0.002 for 1,3;&imethylbenzene
(TMB). The lower uptake coefficient fdd-pinene was postulated to be due to the
higher viscosity ot}pinene compared to TMB and the differing water content of the
aerosols, or potentially due to H®@ 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 RQpecies present/formed in the aerosol flow tube.

5.3 Monoterpene Oxidation by Ozone

Secondary Organic Aerosols (SOAsg dormed through the oxidation of volatile
organic compounds (VOCs). Monoterpene ozonolysis begins with the cycloaddition
of ozone into the C=C double bond forming a primary ozonide. The primary ozonide
formed fromUpinene, the reaction di:pinene+ Q@ being one of the main SOA
forming reactions in the atmosphehgef et al., 202}, decomposes into two isomeric
energized Criegee intermediates (Cls). Studies sugges®G-60 of Cl undergoes
unimolecular Hshift followed by Q addition leading to thdormation of vinyl
hydroperozides (VHP) which then release OH radicals which lead to the production
of RO, radicals (GoH150s). CioHi1s04: can theninitiate 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 t o t ipieeneconomysissysierh, ReuimXidatioraned U
the competing bimolecular reactions is not fully understadw¢ et al., 2021 An

example of this mechanism is given tbpinene below:
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Figure 5.1. First steps in the ozonolysis Bfpinene. The addition of ozone across the double k

of Upinene creates a primary ozonide which breaks apart to a Criegee intermediate (Cl). The

intermediate can themdergo a 1,4 khift to form a vinyl hydroperoxide (VHP). VHP can th

rapidy lose an OH radical to form the vinoxy radical (radical centre indicated by the blacl

which forms an R@radical when @is present. Figure reproduced froyer et al., 2021
Out of the estimated mean annual biogenic VOC emissions (760,g0 % is
isoprene and ~11 % are monoterper&inadelarova et al., 20)4.-pinene, an alkene
released bigenically 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 emissioBi(idelarova et al., 203iger et al., 202 While U-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 emission&6ng et al., 2013
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Upinene, in its liquid state, is more viscous than limonene, 1.293 mPa s and
0.923 mPa s respectively for 298.15\Kdast and Atte, 1983Comelli et al., 200R

Lakey et al., 2016aneasured smaller uptake coefficients for Hiito U-pinene
derived SOA compared to TMB derived SOA due potentially to the larger viscosity
of Upinene making the diffusion of HGnto the bulk of the aerosol the rate limiting
step.Champion et al., 2018 easured the viscosity of limonene SOA to be 3hm

at 30C. The viscosity ofU-pinene aerosols, in comparison, was estimated to be
~100 Pa s byAbramson et al., 2013.imonene has 2 double bonds meaning two
possible reaction sites withs@nd/or OH. This and the lower viscosity suggested that

limonene would more readily form SOA.

In this chapter the PAM chamber g¢baracterised for the generation of SOA from
Upinene and limonene and the aerosol number and surface area size distributions of
Upinene and limonenderived SOA are reported under different éhd VOC

concentrations.

54 Char act epinensdenved Sétondary Organic Aerosols
Using an SMPS

Given thatU-pinene is the most common monoterpene and the uptake pbh®
Upinene has been previously studied at the Paul Scherer Institute in Switzerland by
Lakey et al., 2016aUpinene SOA was the obvious starting point for initial
characterisation of the newly built LeedANM chamber, system fully describea
Section2.4. Theeffect of changing the initidl-pinene concentration on the aerosol
number and size distribotis was investigated, and the particle numeeface area

and volumesize distributions for 4.5, 9, 22 and 44 ppm initiglinene concentration

with 8 ppm Q are shown irFigure5.2. 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 distriburidinis chapter will

be in this range. For TSI Instruments DMA Model 3068, the maximum range of
diameters that can be measured-000 nm depending on the configuration of the
DMA.
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Figure 5.2. a) averageparticle number size distributisifcnt3), b) averageaerosol surface area si:
distributions(m? m3) and c) average volume size distribution fram3) of U-pinenederived SOAs
averaged over-30 runs for eachitial U-pinene concentration of 4.5 ppm (green), 9 ppm (blue)
ppb (red) and 44 ppm (black) for an ozone concentration of 8 Experiment done in air

Temperature = 24 + ZC, Pressure = 760 Torr.
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As is shown irFigure5.2, the PAM chamber was able to produce constant (i.e. little
variation in particle number or aerosol surface area for a given diametenoiipie

runs for the same £andU-pinene concentrations) size distributions over a range of
initial U-pinene concentrations. With increasing concentratiéhmhene added, from

4.5 to 44 ppm, total aerosol particle number increased from (1.13 + 0.006)
cmi®to (1.44 + 0.005) 10’ cm3, while the total aerosol surface area increased from
(2.88 £ 0.03) 10*m? m3to (7.67 £ 0.05) 10! m? m3. With increasing oxidant
concentration, SOAs generated from alkene ozonolysis are observembitocoeore
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 phttseUfpmene

is increased inFigure 5.2 to an excess of 5.5 times the; Goncentration, the
functionalisation and growth of aerosols accordingly is less prevalent due to less
effective Q concentration l(ambe et al., 20LRambe et al., 201%u et al.,
2016;Bianchi et al., 2019 As such the size distributionsifslto smaller particles.
Interestingly the bimodal shape of the particle number size distribution changed with
increasind}pinene initial concentration from the second mode being larger to the first
mode being larger indicating a change in size/compposif the aerosol&ang et al.,

2007 reported an increase in SOA vyield as a functionsdfdn the ozonolysis of
Upinene, with aerosol mass increasing with additionali@il a stable maximum

value of SOA yield was reached.

The PAM chamber was bibto 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 H@ptake experiment&igure5.3 shows the
aerosol numbersurface areaand volume size distributions over 2 different

experimental days for the same initiipinene and ©concentration.
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Figure 5.3. a) averageparticle number size distributions (&nb) averageaerosol surface area si:
distributions (M m®) and c¢) volume size distribution (fram3) on 2 different experimental day
(purple circles represent day 1 and green circles represent,dayefyged over-%0 runs,showing
that reproducible size distributions can be generated using the PAM chamber.Chpitiene
concentration = 9 ppnQs concentation = 8 ppm. Total particle number was (5.07 + 0.02)0°

cn®and(4.58 + 0.03) 1C° cm®, for day 1(pink) and day 2t(rquoisé respectively. Total aerosc
surface area wg$.94 + 0.04) 10'm?m=3and (5.68 + 0.06) 10* m? m?, for day 1(purple) and
day 2 (green) respectively. All experimental conditions kept the s@emeperature = 24 + 2C,

Pressure = 760 TorErrors shown aretll
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5.5 Characterising Limonenederived Secondary Organic Aerosols
Using an SMPS

5.5.1 SOA Formedfrom the Reaction of Limonene With Ozone

As discussed in Sectidn3, due the viscosity di-pinene, Lakey et al., 2016easured

a low uptake coefficient of HOo n t -pineng, 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 moreeeaith

Os. As such the PAM chamber was characterised for the formation of limonene
derived SOAs through both ozonolysis and-Didated chemistry.

5.5.1.1 Effect of Changing @ and Limonene Concentration on the Size
Distribution of Limonene-derived SOA

Figure 5.4 shows the effect on the aerosol particle number¢rsurfacearea
(m? m3) and volume fm® cn®) size distributions of changing the; @oncentrations

while keeping the limonene concentration constant.
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Figure 5.4. a) averageparticle number sizdistributions (cr¥), b) averageaerosol surface area si:
distributions (M m?) and c) volume size distribution (fncm?3) of limonenederived SOAs
averaged over -20 SMPS runsfor fixed initial limonene concentrations of 1.7 ppm, ozot
concentrationsf 0.5 ppm (dark blue), 1.35 ppm (light blue), 2.21 ppm (light purple) and 2.85
(purple) RH = 14 + 4 %, pressure = 760 Torr, temperature = 224G Errors representil
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FromFigure5.4, it can be seen that increasing the ozone concentration while keeping
limonene concentration constant shifts the mode diameter of the nwulface area

and volumesize distributions to higdr 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 ah85 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 padiphasesAs more Q 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 volum&amabhadran et al.,, 19§6in addition to
functionalisation leading to the formation of larger more oxidised aerdsaisbe et

al., 2012Tu et al., 201p

As shown inFigure 5.5, varying the limonene conceation with a fixed @
concentration increases the number, and therefore the surface area of the SOA
produced as expected, however, unlike when thedbcentration is increased for
fixed limonene concentration, the mode diameter of the size distributa®s not
significantly change as seen withpinene. This suggests the shift in mode diameter

to larger aerosols with increasing kut fixed limonene is due to functionalisation as

opposed to coagulation alone.
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