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Abstract

Measurements of HO, uptake coefficients (y) were made onto a variety of organic aerosols derived
from glutaric acid, glyoxal, malonic acid, stearic acid, oleic acid, squalene, mono ethanol amine
sulphate, mono-methyl amine sulphate and two sources of humic acid, for an initial HO,
concentration of 1 x 10° molecule cm™, room temperature and at atmospheric pressure. Values in the
range of y < 0.004 to y = 0.008 + 0.004 were measured for all of the aerosols apart from the aerosols
from the two sources of humic acid. For humic acid aerosols, uptake coefficients in the range of y =
0.007 = 0.002 to y = 0.09 + 0.03 were measured. Elevated concentrations of copper (16 £ 1 and 380 +
20 ppb) and iron (600 + 30 and 51000 + 3000 ppb) ions were measured in the humic acid atomiser
solutions compared to the other organics that can explain the higher uptake values measured. A strong
dependence upon relative humidity was also observed for uptake onto humic acid, with larger uptake
coefficients seen at higher humidities. Possible hypothesises for the humidity dependence include the
changing liquid water content of the aerosol, a change in the mass accommodation coefficient or in

the Henry’s law constant.
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Introduction

The HO, radical is important in the troposphere as it is closely coupled with OH, which initiates the
removal of many trace gases via oxidation. However, a combination of field measurements of HO,
and comparison with calculations from box modelling has indicated that the heterogeneous uptake of
HO, by aerosols has the potential to be an important loss pathway of HO,.""” Global tropospheric
models have also shown that in areas of high aerosol loadings, heterogeneous uptake can have a

e . . 18-22
significant impact on gaseous HO, concentrations.”

Therefore, it is important to accurately
measure the HO, uptake coefficient onto different aerosols and under different conditions in order
provide data to constrain both box and global models. There are currently relatively few laboratory
measurements of the HO, uptake coefficient onto aerosols and surfaces and these have concentrated
on effloresced and deliquesced salts, dicarboxylic acids, levoglucosan, soot, copper doped aerosols

ammonium sulphate and Arizona Test Dust.>”’

Organic aerosols are ubiquitous in the troposphere with 20 — 90 % of submicron particulate mass
being attributable to organics.”® ** Many different organics have been observed or are predicted to be
present in tropospheric aerosols, including both water insoluble organics (e.g. n-alkanes, n-alkanoic
and n-alkenoic acids, diterpenoid acids, aromatic polycarboxylic acids, polycyclic aromatic
hydrocarbons and oxygenated polyaromatic hydrocarbons) and water soluble organics (e.g.
dicarboxylic acids, glyoxal, ketoacids, polyols, hydroxyamines, amino acids and nitrophenol).****
Humic-like substances have also been identified as a major component of aerosols and have been
measured in different aerosol types including marine aerosols, dust from soil and biomass burning
aerosols.”™  Although there are high mass fractions of organics and many different types of organics
present in tropospheric aerosols, only a few measurements of the HO, uptake coefficient have been
made in the laboratory onto single component organic aerosols, and these have focused on

dicarboxylic acids and levoglucosan.’> *

Therefore, the aim of this study was to extend the
measurements to a variety of different single component organic aerosols that are representative of
tropospheric aerosol components including both water insoluble (stearic acid, oleic acid and squalene)
and water soluble organics (glutaric acid, glyoxal and malonic acid and two sources of humic acid).
The first HO, uptake measurements were also made onto two aerosols containing amines, mono-
methyl amine sulphate aerosols (MMS) and mono ethanol amine sulphate-H,SO, (MEA-H,SO,). It
should be noted that amines have previously been measured in the atmosphere.” MEA-H,SO, has

previously been suggested as suitable for carbon capture and would reduce the medium term CO,

emissions into the troposphere.™ If amines were to be used for carbon capture, it is likely that some of
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these amines would be released into the atmosphere where they could partition to the aerosol phase. It
would therefore be important to understand the impact that these amines would have upon the

concentrations of different species in the atmosphere, including HO, concentrations.

Experimental

An identical experimental setup was used in this work as described in detail by George et al. , > and is
therefore only briefly summarised below. An glass aerosol flow tube (coated in halocarbon wax, 107
cm length, 5.9 cm inner diameter) coupled with a sensitive Fluorescence Assay by Gas Expansion
(FAGE) instrument, capable of measuring HO, concentrations at ambient levels, which enabled HO,
uptake coefficients to be measured at room temperature (293 + 2 K), atmospheric pressure, and at an
initial HO, concentration of 1 x 10’ molecule cm™. By moving an injector (110 cm length, 1.9 cm
outer diameter, 1.6 cm inner diameter) which released the HO, into the flow of aerosols along the
flow tube, pseudo-first order decays of HO, were measured at different aerosol surface area
concentrations. Experiments were performed over a range of relative humidities (32 - 80%) which
was varied by using mass flow controllers that controlled the ratio of a dry flow and a humidified flow
from a bubbler. Prior to entering the aerosol flow tube the aerosols were conditioned for ~ 5 seconds

within a conditioning flow tube at the chosen relative humidity.

HO, production and detection

HO, radicals were formed through Reactions 1 — 2 by passing humidified nitrogen containing trace
levels of O, over a mercury lamp that was placed at the end of the injector furthest away from the

flow tube in order to avoid any local heating in the flow tube:
H,O+hv - OH+H (R1)
H+0,+M —HO,+M (R2)

The total flow exiting the injector was 1.32 £ 0.05 lpm that mixed into a 4.0 £ 0.3 lpm humidified
flow containing aerosols. A sensitive FAGE cell enabled the HO, to be measured by firstly converting
it to OH by reaction with added NO, and subsequently detected by utilising laser induced fluorescence
from the Q,(2) transition of the OH (A’Z*- XIL; v’=0 - v’’=0) band at ~308 nm."**>' The FAGE cell
was kept at a low pressure (0.85 Torr) using a rotary pump (Edwards, model E1M80) and roots
blower (EH1200) combination to ensure a high flow velocity through the FAGE cell. There was no
change in the LIF signal when the NO added to the fluorescence cell (to convert HO2 to OH) was
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switched off. In addition when the NO is switched off there is no difference in signal when the
mercury lamp was either switched on or off. These results indicate that any OH radicals formed in the

injector alongside HO, following the photolysis of water vapour were removed within the injector.

Aerosol production and detection

Aerosols were produced using two different methodologies. For soluble organics (glutaric acid
(Aldrich, 99%), glyoxal (Acros organics, 99%), malonic acid (Acros organics, 99%) and humic acid
(Acros organics, 50 — 60%, sodium salt and Leonardite) 5 grams were dissolved into 500 ml milli-Q
(mQ) water (only 1 gram in 500 ml for Leonardite humic acid, 1S104H). The solutions containing the
humic acid were then filtered to remove insoluble particles, and an atomiser (TSI, 3076) was then
used to produce aerosols. For experiments with mono ethanol amine sulphate-H,SO, (MEA-H,SOy)
and mono-methyl amine sulphate (MMS) aerosols, the amine MEA (Sigma Aldrich, > 99.5 %) and
methyl amine (Sigma Aldrich, 40 % w/v) were added into 500 ml mQ water which had been acidified
with sulphuric acid. The pH measured to be 8.1 and 8.5 for MEA-H,SO, and MMS solutions,
respectively. However, for insoluble organics (stearic acid (Sigma Aldrich, 99%), oleic acid (Sigma
Aldrich, 99%) and squalene (Aldrich, 99%)) the aerosols were generated by homogeneous nucleation.
Homogeneous nucleation involved placing the organic compound into a steel tube (21 cm length, 1.2
cm outer diameter, 1.0 cm inner diameter) and passing a 0.5 Ipm flow over the organic whilst heating
the tube to 106 - 111°C for stearic acid, 137 - 143°C for oleic acid and 139 - 140°C for squalene. For
all experiments the aerosol concentration was varied using a HEPA filter and a bypass. The aerosol
surface area was then measured using a Scanning Mobility Particle Sizer, which assumed a spherical
geometry, (SMPS, TSI, 3080) at the end of the flow tube. Checks were made to ensure that the
aerosol concentration did not change along the flow tube during the HO, decays for both experiments
using the atomiser and during homogeneous nucleation experiments. and that the aqueous aerosols
(glutaric acid, glyoxal, malonic acid, humic acid, MEA-H,SO, and MMS) were never exposed to

relative humidities below their efflorescence points.sz'55

The diameters of the aerosols contributing to
the surface area weighted size distribution were measured as being between ~ 30 nm - ~ 400 nm. By
decreasing the relative humidity (RH) in the flow tube a downwards shift in the aerosol size
distribution was also observed for deliquesced aerosols but no change in the size distribution was
observed for the effloresced aerosols. For example, with an Leonardite humic acid aerosol number
concentration of 5.7 x 10> cm™ the total aerosol surface area was measured as 9.5 x 10” cm” cm™ at

75 % RH but decreased to 8.6 x 10° cm® cm™ at 33 % RH. Information about the aerosol size

distributions and the aerosol concentrations used is summarised in the Supplementary Information.
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Data analysis

The observed decays followed pseudo first-order kinetics as given in Equation 1 when the injector

was moved along the flow tube in both the presence and absence of aerosols:

[HO,]: (ED)
(0,1, Fovst

In

where [HO,], is the HO, concentration at time ¢, [HO,], is the initial HO, concentration and k., is the
observed pseudo-first order rate constant. Therefore, as shown in Figure 1, the natural log of the
background-subtracted signal was plotted against the reaction time (calculated from the dimensions of
the flow tube, the flow rate and the injector position) in the flow tube. Measurements were made
between ~ 11 and 20 seconds in order to ensure well mixed flows, with a mixing time of ~ 7 seconds
having been previously calculated.”® The k,,, values were then corrected (to k") for the non-plug flow
conditions within the flow tube using the method described by Brown *° which also subtracted the
wall loss and increased the rate constants on average by 15 % compared to k,p, - k... On average wall
losses were measured as 0.04 s with slightly higher wall losses measured at higher relative
humidities (indicating a reaction limited wall loss). There was no change in the wall loss when the
atomiser solution was swapped from pure water to the solutions containing organics suggesting
negligible gas phase reactions between HO, and volatile or semi-volatile organics. The k' rate
constants are related to y,,,, the observed uptake coefficient, by Equation 2:

' = YobsWHo2S (E2)
4

where wyo; is the molecular thermal speed of HO,, and S is the total aerosol surface area. Therefore,

k' was plotted against the total aerosol surface area, as shown in Figure 2, which enabled y,,, to be

obtained. A correction was made to correct for gas phase diffusion using the methodology described

by Fuchs and Sutagin. °” The change in the uptake coefficient due to this diffusion correction was less

than 1 %. Initial HO, concentrations were determined by propagating back the wall loss decay back to

time (¢ = 0 seconds) equaling 1 x 10’ molecule cm™.

Results and discussion

The HO, uptake coefficients measured onto the different organic aerosols in this work are summarised
in Table 1, and displayed in Figure 3. The measured HO, uptake coefficients were small (y < 0.004 to
v = 0.008 = 0.004) for all of the organic aerosols (including the amine species) apart from the two

brands of humic acid, where the uptake coefficient ranged from y = 0.007 £ 0.002 to y = 0.06 + 0.01
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for the Acros organics humic acid, and from y = 0.043 = 0.009 to y = 0.09 £ 0.03 for the Leonardite
humic acid over a range of humidities. Due to the much higher HO, uptake coefficients measured for
the humic acids, the atomiser solutions were tested for the presence of metal ions using Inductively-
coupled Plasma Mass Spectrometry (ICP-MS, Perkin Elmer Elan DRCe, sensitivity 1 ppt) to test for
copper and iron ions. The HO, radical is catalytically destroyed in the presence of copper and iron
forming either hydrogen peroxide or water.”® > The results of the ICP-MS analysis for the atomiser
solutions is shown in Table 2. The copper and iron ion concentrations in the Acros organics humic
acid aerosols at 50% RH were estimated as (5.5 = 0.3) x 10* M and (8.3 £0.5) x 10> M, respectively,
whereas the copper and iron ion concentrations of Leonardite humic acid were estimated as (1.2 +
0.1) x 10* M and (4.8 + 0.3) x 10° M respectively. These estimations were based upon the change in
the humic acid mass fraction within the atomiser solution (assuming no filtration had occurred) and
the mass fraction of humic acid within the aerosols based upon the growth factors of humic acid
measured by Badger et al.* However, it should be noted that Badger et al.  used a different humic
acid to that used in this work and so the growth factors may be slightly different. Also, as the humic
acid solutions were filtered there would have been less than one gram of Leonardite humic acid and
less than 5 grams of Acros organics humic acid in the 500 ml of water and hence the mass fractions of
humic acid within the atomiser solutions were overestimated. Therefore, it is likely that the molarity
of iron and copper ions in the aerosols would be much higher than the concentrations calculated
above. Mozurkewich et al. ' showed that at copper (II) ion concentrations greater than 10™* M, the
HO, uptake coefficient starts to increase until it reaches the mass accommodation value at a copper
ion concentration of 10> M. Therefore, it seems likely that the high HO, uptake coefficients observed
for the two humic acids was due to the presence of elevated copper ion concentrations, and perhaps
also the elevated iron ion concentrations, within the aerosols. However, it should be noted that
aerosols containing humic like substances in the troposphere do not necessarily contain elevated
transition metal ion concentrations and that therefore the HO, uptake coefficients onto those aerosols

may deviate from the measurements in this work.*®

In the absence of metals, the HO, uptake coefficients measured onto organic aerosols were similar to
the uptake coefficients that have previously been measured onto effloresced and deliquesced salt
aerosols using the same experimental setup,”® suggesting that the rate of the HO, self-reaction within
the aerosols determines the HO, uptake coefficient rather than the aerosol composition and hence the
reaction of HO, with an organic. Another trend that can be observed in Table 1 is that the HO, uptake
coefficients for the deliquesced aerosols tend to be larger than for the effloresced aerosols. For solid
organic aerosols only an upper limit could be calculated (y < 0.004), however, as these particles are
non-spherical the HO, uptake coefficients are likely to be significantly lower than this upper limit.

Larger HO, uptake coefficients have previously been measured onto deliquesced salts than onto
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effloresced salts and this trend has also been observed by Taketani et al. *° for deliquesced
dicarboxylic acid particles compared to effloresced dicarboxylic acid particles. The impact of organic
aerosols on atmospheric HO, concentrations is likely to be small (a few % maximum) unless aerosols
contain a concentration of copper ions of at least 10* M. A similar effect was observed with inorganic
salt aerosols.”® The exact effect upon tropospheric HO, concentrations would depend on the total
aerosol surface concentration as well as the aerosol phase, the relative humidity and the aerosol liquid
water content. However, given the magnitude of the uptake coefficients measured in this work, it
seems unlikely that uptake of HO, to organic aerosols can explain the discrepancy that has sometimes
been seen between measurements made in the field and predictions made by box models. In previous
work the uptake coefficient measured onto salt (y = 0.01) and dust (y = 0.031 ) aerosols have been
included into a box model but the impact on gaseous HO, concentrations has been small, ~ 2% and

0.3 - 6.5% (depending on the aerosol surface area), respectively.’®"

The first HO, uptake coefficient
measurements onto aerosols containing MEA-H,SO, and MMS which have been suggested for carbon
capture were made. It was shown that these would also not have a large impact upon the HO, uptake

coefficient if these amines were to partition to the aerosol phase.

Although HO, uptake coefficients have not previously been measured and published in the literature
for most of the organic aerosols chosen in this work, Taketani et al.*> measured the HO, uptake
coefficient onto aqueous glutaric acid aerosols. In this work, as shown in Table 1, the HO, uptake
coefficient onto aqueous glutaric acid aerosols was measured as ranging from y < 0.004 to y = 0.006 +
0.002 in the relative humidity range of 23 — 76 %. In contrast, Taketani et al.”> measured a HO, uptake
coefficient of 0.15 = 0.04 onto glutaric acid aerosols at a relative humidity of 68 % RH. In general
Taketani et al. (2013) also measured high HO, uptake coefficients onto deliquesced aerosols (y = 0.13
+0.04 to y = 0.18 = 0.07) and effloresced aerosols (y = 0.02 + 0.01 to 0.07 = 0.03) compared to lower
HO, uptake coefficients measured in this work onto deliquesced aerosols containing low transition
metal ion concentrations (y < 0.004 to y = 0.008 £ 0.004) and effloresced aerosols (y < 0.004). The
discrepancy between the uptake coefficients measured with the experimental setup used in this work
and measured by Taketani et al.”’ has previously been discussed by George et al.*® for aqueous
sodium chloride and ammonium sulphate aerosols, where Taketani et al.” measured uptake
coefficients that were also at least an order of magnitude larger than with the experimental setup used

33,35 .
77 include

in this work. Possible reasons for the difference between this work and literature values
differences in the reaction time, the HO, concentration that was used, and the trace metal ion content
of the aerosols. Taketani et al. *° measured HO, uptake with reaction times of approximately five to
eleven seconds, whereas in this work the reaction times were between approximately eleven and
twenty seconds. Taketani et al.*® also worked at initial HO, concentrations of ~ 10® molecule ¢m™

compared to an initial HO, concentration of 1 x 10° molecule cm™ in this work. George et al.*
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measured larger uptake coefficients at shorter reaction times and at smaller HO, concentrations for
aqueous inorganic salt aerosols, consistent with the observed difference for organics in the two
studies. Potential explanations given by George et al. for the time and HO, concentration dependence
included a saturation mechanism or a trace reactant being used up over time. Future work will likely
include the interpretation time and HO, concentration dependences for y observed by George et al.
(2013) * within the framework of the kinetic multi-layer model of aerosol surface and bulk chemistry

(KM-SUB), described by Shiraiwa et al.®".

The humidity dependence of the HO, uptake coefficient onto humic acid aerosols

In this work a large humidity dependence was observed for HO, uptake onto humic acid aerosols. The
HO, uptake coefficient increased from 0.007 + 0.002 to 0.06 £+ 0.01 between 32 and 76 % RH for the
Acros organics humic acid, and from 0.043 £ 0.009 to 0.09 + 0.03 between 33 and 75 % RH for the
Leonardite humic acid. If the HO, uptake coefficient was solely controlled by the copper and iron ion
concentrations within the aerosols, a decrease in the HO, uptake coefficient would have been
expected with increasing humidity as the aerosols absorb more water, and become more dilute in
metal ions at higher humidities. Therefore, although the presence of copper and iron ions within the
aerosol has the potential to explain the magnitude of the uptake coefficients, it cannot explain the

humidity trend.

Badger et al.”? observed a similar uptake trend onto humic acid aerosols for N,Os, with the N,Os
uptake coefficient increasing from 2 x 10 to 9 x 10™* between 25 and 75 % RH. The mechanism that
was suggested for N,Os uptake within aerosols involved the presence of water. However, at relative
humidities of less than 40 % the uptake coefficient was limited by the liquid water content of the
aerosols. Similarly, it is expected that the HO, uptake mechanism would be dependent upon the liquid
water content of the aerosols. The mechanism in the aerosols with the low concentrations of copper

ion present in the aerosols is expected to be given by:™

R3
HOx) = HOxq) (R3)
+ - R4
HOZ(aq) =H (aq) + 02 (aq) ( )
R5
HOs9) + HO2ag) = H2020g) + O2ag) ®3)
(R6)

HOsg) + 02 ag) + H201) = H2O2a) + Osaq) + OH g
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Cu™ g + HOz4) = Onaq + Cu' gy + H' (o) (R7)
Cu" (o + HOxaq) + HaO) — Hy0s0g) + Cu”* o) +OH ) (R8)
Cu™ g+ 02 agp = Ozagq) + Ct’ ) (R9)
Cu’ (o) + 01 ag) + 2H20) — Hy050) + Cu™* o) +20H (g (R10)

Therefore, as can be seen from the reaction scheme above, Reactions 6, 8 and 10 are dependent upon
the liquid water content within the aerosols that may limit the HO, uptake coefficient at low relative
humidities. The liquid water content of the aerosols could also explain the slightly lower HO, uptake
coefficient measured for glyoxal aerosols at 33 % RH compared to 80 % RH and for humic acid
aerosols over a range of humidities, although the viscosity of these aerosols could affect the uptake if

- L - 63,64
the aerosols were much more viscous at lower humidity.”

The same mechanism would be expected
to occur in the presence of iron ions although the rate constants between HO,/ O, and iron ions are

significantly lower (~ 2 orders of magnitude) than with copper ions.”®

However, there are other possible explanations for the relative humidity dependence of the HO,
uptake coefficient at higher humidities. Humic acid is known to have surfactant properties and several
studies have shown that it can form micelles at the surface of aqueous solutions.’> ® Badger et al.””
suggested that the humic acid surfactant could cause a diffusion barrier to an incoming species
thereby reducing the mass accommodation coefficient. As the humidity increases there would be a
greater probability of water being present at the surface of the aerosol and therefore the mass
accommodation would increase. Alternatively, the humic acid at the surface of the aerosol could
cause a decrease in the Henry’s law coefficient for HO, leading to a slower initial solvation of the
HO, into the aerosol. However, in this work, accurate concentrations of copper and iron ions within
the humic acid aerosols are not known with only a lower limit having been calculated in the first
paragraph of the 'Results and discussion' section, so that it is currently difficult to determine whether
it is a change in the mass accommodation or the Henry’s law coefficient that is causing the HO,
uptake coefficient dependence upon relative humidity. Finally, it should be noted that if atmospheric
aerosols were to contain high concentrations of copper (> 10 M), the uptake coefficient would not
necessarily be equal to the mass accommodation coefficient if humic acid was also present within the
aerosol. However, more investigation is required to determine at what humic acid concentration the

uptake coefficient deviates from the mass accommodation.



279

280
281
282
283
284
285
286
287

288
289
290
291
292
293

294

295
296
297
298

299
300
301

302
303
304
305

306
307
308
309

310
311
312

313
314
315
316

10

Acknowledgements

This work was supported by the National Environment Research Council under grant NE/F020651/1.
PSJL is grateful to NERC for the award of a studentship. LKW and DEH are also grateful to the
NERC funded National Centre for Atmospheric Science for ongoing support. We would also like to
thank Lavinia Onel of the University of Leeds for providing the MEA-H,SO, and MMS solutions and
Adrian Cunliffe of the University of Leeds for measuring the copper and iron ion concentrations

within the atomiser solutions.

References

1. Brune, W. H.; Tan, D.; Faloona, L. F.; Jaegle, L.; Jacob, D. J.; Heikes, B. G.; Snow, J.; Kondo,
Y.; Shetter, R.; Sachse, G. W.; Anderson, B.; Gregory, G. L.; Vay, S.; Singh, H. B.; Davis, D. D.;
Crawford, J. H.; Blake, D. R.,, OH and HO, chemistry in the North Atlantic free troposphere.
Geophysical Research Letters 1999, 26, (20), 3077-3080.

2. Cantrell, C. A.; Shetter, R. E.; Gilpin, T. M.; Calvert, J. G., Peroxy radicals measured during
Mauna Loa observatory photochemistry experiment 2: The data and first analysis. Journal of
Geophysical Research-Atmospheres 1996, 101, (DY), 14643-14652.

3. Carslaw, N.; Creasey, D. J.; Heard, D. E.; Jacobs, P. J.; Lee, J. D.; Lewis, A. C.; McQuaid, J.
B.; Pilling, M. J.; Bauguitte, S.; Penkett, S. A.; Monks, P. S.; Salisbury, G., Eastern Atlantic Spring
Experiment 1997 (EASE97) - 2. Comparisons of model concentrations of OH, HO,, and RO, with
measurements. Journal of Geophysical Research-Atmospheres 2002, 107, (D14), ACH 5.

4. Carslaw, N.; Creasey, D. J.; Heard, D. E.; Lewis, A. C.; McQuaid, J. B.; Pilling, M. J.;
Monks, P. S.; Bandy, B. J.; Penkett, S. A., Modeling OH, HO,, and RO, radicals in the marine
boundary layer - 1. Model construction and comparison with field measurements. Journal of
Geophysical Research-Atmospheres 1999, 104, (D23), 30241-30255.

5. Haggerstone, A. L.; Carpenter, L. J.; Carslaw, N.; McFiggans, G., Improved model
predictions of HO, with gas to particle mass transfer rates calculated using aerosol number size
distributions. Journal of Geophysical Research-Atmospheres 2005, 110, (D4), D04304.

6. Jaegle, L.; Jacob, D. J.; Brune, W. H.; Faloona, L.; Tan, D.; Heikes, B. G.; Kondo, Y.; Sachse,
G. W.; Anderson, B.; Gregory, G. L.; Singh, H. B.; Pueschel, R.; Ferry, G.; Blake, D. R.; Shetter, R.
E., Photochemistry of HO; in the upper troposphere at northern midlatitudes. Journal of Geophysical
Research-Atmospheres 2000, 105, (D3), 3877-3892.



317
318
319
320

321
322
323
324

325
326
327
328
329
330

331
332
333

334
335
336
337
338

339
340
341

342
343
344

345
346

347
348
349
350

351
352
353
354
355
356

357
358
359
360

11

7. Kanaya, Y.; Cao, R.; Kato, S.; Miyakawa, Y.; Kajii, Y.; Tanimoto, H.; Yokouchi, Y.;
Mochida, M.; Kawamura, K.; Akimoto, H., Chemistry of OH and HO, radicals observed at Rishiri
Island, Japan, in September 2003: Missing daytime sink of HO, and positive nighttime correlations
with monoterpenes. Journal of Geophysical Research-Atmospheres 2007, 112, (D11), D11308.

8. Kanaya, Y.; Sadanaga, Y.; Matsumoto, J.; Sharma, U. K.; Hirokawa, J.; Kajii, Y.; Akimoto,
H., Daytime HO, concentrations at Oki Island, Japan, in summer 1998: Comparison between
measurement and theory. Journal of Geophysical Research-Atmospheres 2000, 105, (D19), 24205-
24222.

9. Mao, J.; Jacob, D. J.; Evans, M. J.; Olson, J. R.; Ren, X.; Brune, W. H.; St Clair, J. M.;
Crounse, J. D.; Spencer, K. M.; Beaver, M. R.; Wennberg, P. O.; Cubison, M. J.; Jimenez, J. L.; Fried,
A.; Weibring, P.; Walega, J. G.; Hall, S. R.; Weinheimer, A. J.; Cohen, R. C.; Chen, G.; Crawford, J.
H.; McNaughton, C.; Clarke, A. D.; Jaegle, L.; Fisher, J. A.; Yantosca, R. M.; Le Sager, P.; Carouge,
C., Chemistry of hydrogen oxide radicals (HO,) in the Arctic troposphere in spring. Atmospheric
Chemistry and Physics 2010, 10, (13), 5823-5838.

10. Smith, S. C.; Lee, J. D.; Bloss, W. J.; Johnson, G. P.; Ingham, T.; Heard, D. E.,
Concentrations of OH and HO, radicals during NAMBLEX: measurements and steady state analysis.
Atmospheric Chemistry and Physics 2006, 6, 1435-1453.

11. Sommariva, R.; Bloss, W. J.; Brough, N.; Carslaw, N.; Flynn, M.; Haggerstone, A. L.; Heard,
D. E.; Hopkins, J. R.; Lee, J. D.; Lewis, A. C.; McFiggans, G.; Monks, P. S.; Penkett, S. A.; Pilling,
M. J.; Plane, J. M. C.; Read, K. A.; Saiz-Lopez, A.; Rickard, A. R.; Williams, P. I., OH and HO,
chemistry during NAMBLEX: roles of oxygenates, halogen oxides and heterogeneous uptake.
Atmospheric Chemistry and Physics 2006, 6, 1135-1153.

12. Sommariva, R.; Haggerstone, A. L.; Carpenter, L. J.; Carslaw, N.; Creasey, D. J.; Heard, D.
E.; Lee, J. D.; Lewis, A. C.; Pilling, M. J.; Zador, J., OH and HO, chemistry in clean marine air
during SOAPEX-2. Atmospheric Chemistry and Physics 2004, 4, 839-856.

13. Stevens, P. S.; Mather, J. H.; Brune, W. H., Measurement of tropospheric OH and HO, by
Laser Induced Fluorescence at low pressure. Journal of Geophysical Research-Atmospheres 1994, 99,
(D2), 3543-3557.

14. Stone, D.; Whalley, L. K.; Heard, D. E., Tropospheric OH and HO, radicals: field
measurements and model comparisons. Chemical Society Reviews 2012, 41, (19), 6348-6404.

15. Whalley, L. K.; Furneaux, K. L.; Goddard, A.; Lee, J. D.; Mahajan, A.; Oetjen, H.; Read, K.
A.; Kaaden, N.; Carpenter, L. J.; Lewis, A. C.; Plane, J. M. C.; Saltzman, E. S.; Wiedensohler, A.;
Heard, D. E., The chemistry of OH and HO, radicals in the boundary layer over the tropical Atlantic
Ocean. Atmospheric Chemistry and Physics 2010, 10, (4), 1555-1576.

16. Olson, J. R.; Crawford, J. H.; Brune, W.; Mao, J.; Ren, X.; Fried, A.; Anderson, B.; Apel, E.;
Beaver, M.; Blake, D.; Chen, G.; Crounse, J.; Dibb, J.; Diskin, G.; Hall, S. R.; Huey, L. G.; Knapp,
D.; Richter, D.; Riemer, D.; Clair, J. S.; Ullmann, K.; Walega, J.; Weibring, P.; Weinheimer, A.;
Wennberg, P.; Wisthaler, A., An analysis of fast photochemistry over high northern latitudes during
spring and summer using in-situ observations from ARCTAS and TOPSE. Atmos. Chem. Phys. 2012,
12, (15), 6799-6825.

17. de Reus, M.; Fischer, H.; Sander, R.; Gros, V.; Kormann, R.; Salisbury, G.; Van Dingenen,
R.; Williams, J.; Zollner, M.; Lelieveld, J., Observations and model calculations of trace gas
scavenging in a dense Saharan dust plume during MINATROC. Afmos. Chem. Phys. 2005, 5, (7),
1787-1803.



361
362
363

364
365
366

367
368

369
370
371

372
373
374

375
376

377
378

379
380
381

382
383
384

385
386
387

388
389
390

391
392
393

394
395
396

397
398
399

400
401

12

18. Martin, R. V.; Jacob, D. J.; Yantosca, R. M.; Chin, M.; Ginoux, P., Global and regional
decreases in tropospheric oxidants from photochemical effects of aerosols. Journal of Geophysical
Research-Atmospheres 2003, 108, (D3), 4097.

19. Thornton, J. A.; Jaegle, L.; McNeill, V. F., Assessing known pathways for HO, loss in
aqueous atmospheric aerosols: Regional and global impacts on tropospheric oxidants. Journal of
Geophysical Research-Atmospheres 2008, 113, (D5), D05303.

20. Macintyre, H. L.; Evans, M. J., Parameterisation and impact of aerosol uptake of HO, on a
global tropospheric model. Atmospheric Chemistry and Physics 2011, 11, (21), 10965-10974.

21. Morita, A.; Kanaya, Y.; Francisco, J. S., Uptake of the HO, radical by water: Molecular

dynamics calculations and their implications for atmospheric modeling. Journal of Geophysical
Research-Atmospheres 2004, 109, D09201.

22. Huijnen, V.; Williams, J. E.; Flemming, J., Modeling global impacts of heterogeneous loss of
HO, on cloud droplets, ice particles and aerosols. Atmos. Chem. Phys. Discuss. 2014, 14, (6), 8575-
8632.

23. Bedjanian, Y.; Romanias, M. N.; El Zein, A., Uptake of HO, radicals on Arizona Test Dust.
Atmos. Chem. Phys. 2013, (13), 6461-6471.

24. Bedjanian, Y.; Lelievre, S.; Le Bras, G., Experimental study of the interaction of HO, radicals
with soot surface. Physical Chemistry Chemical Physics 2005, 7, (2), 334-341.

25. Cooper, P. L.; Abbatt, J. P. D., Heterogeneous interactions of OH and HO, radicals with
surfaces characteristic of atmospheric particulate matter. Journal of Physical Chemistry 1996, 100,
(6), 2249-2254.

26. George, L. J.; Matthews, P. S. J.; Whalley, L. K.; Brooks, B.; Goddard, A.; Baeza-Romero, M.
T.; Heard, D. E., Measurements of uptake coefficients for heterogeneous loss of HO, onto submicron
inorganic salt aerosols. Physical Chemistry Chemical Physics 2013, 15, (31), 12829-12845.

27. Gershenzon, Y. M.; Grigorieva, V. M.; Ivanov, A. V.; Remorov, R. G., O; and OH sensitivity
to heterogeneous sinks of HO, and CH;0, on aerosol particles. Faraday Discussions 1995, 100, 83-
100.

28. Hanson, D. R.; Burkholder, J. B.; Howard, C. J.; Ravishankara, A. R., Measurement Of OH
And HO, Radical Uptake Coefficients On Water And Sulfuric-Acid Surfaces. Journal of Physical
Chemistry 1992, 96, (12), 4979-4985.

29. Loukhovitskaya, E.; Bedjanian, Y.; Morozov, I.; Le Bras, G., Laboratory study of the
interaction of HO, radicals with the NaCl, NaBr, MgCl, . 6H,0 and sea salt surfaces. Physical
Chemistry Chemical Physics 2009, 11, (36), 7896-7905.

30. Matthews, P. S. J.; Baeza-Romero, M. T.; Whalley, L. K.; Heard, D. E., Uptake of HO2
radicals onto Arizona test dust particles using an aerosol flow tube. Atmos. Chem. Phys. 2014, 14, (4),
7397-7408.

31. Mozurkewich, M.; McMurry, P. H.; Gupta, A.; Calvert, J. G., Mass Accommodation
Coefficient For HO, Radicals On Aqueous Particles. Journal of Geophysical Research-Atmospheres
1987, 92, (D4), 4163-4170.

32. Taketani, F.; Kanaya, Y., Kinetics of HO, Uptake in Levoglucosan and Polystyrene Latex
Particles. Journal of Physical Chemistry Letters 2010, 1, (11), 1701-1704.



402
403
404

405
406

407
408
409

410
411
412
413

414
415
416

417
418
419
420

421
422
423
424
425
426
427

428
429
430

431
432
433

434
435

436
437
438

439
440
441
442

13

33. Taketani, F.; Kanaya, Y.; Akimoto, H., Kinetics of heterogeneous reactions of HO, radical at
ambient concentration levels with (NH4),SO, and NaCl aerosol particles. Journal of Physical
Chemistry A 2008, 112, (11), 2370-2377.

34, Taketani, F.; Kanaya, Y.; Akimoto, H., Heterogeneous loss of HO, by KCl, synthetic sea salt,
and natural seawater aerosol particles. Atmospheric Environment 2009, 43, (9), 1660-1665.

35. Taketani, F.; Kanaya, Y.; Akimoto, H., Kinetic Studies of Heterogeneous Reaction of HO,
Radical by Dicarboxylic Acid Particles. International Journal of Chemical Kinetics 2013, 45, (9),
560-565.

36. Taketani, F.; Kanaya, Y.; Pochanart, P.; Liu, Y.; Li, J.; Okuzawa, K.; Kawamura, K.; Wang,
Z.; Akimoto, H., Measurement of overall uptake coefficients for HO, radicals by aerosol particles
sampled from ambient air at Mts. Tai and Mang (China). Atmospheric Chemistry and Physics 2012,
12, (24), 11907-11916.

37. Thornton, J.; Abbatt, J. P. D., Measurements of HO, uptake to aqueous aerosol: Mass
accommodation coefficients and net reactive loss. Journal of Geophysical Research-Atmospheres
2005, 110, (D8), D08309.

38. Murphy, D. M.; Cziczo, D. J.; Froyd, K. D.; Hudson, P. K.; Matthew, B. M.; Middlebrook, A.
M.; Peltier, R. E.; Sullivan, A.; Thomson, D. S.; Weber, R. J., Single-particle mass spectrometry of
tropospheric aerosol particles. Journal of Geophysical Research: Atmospheres 2006, 111, (D23),
D23S32.

39. Zhang, Q.; Jimenez, J. L.; Canagaratna, M. R.; Allan, J. D.; Coe, H.; Ulbrich, I.; Alfarra, M.
R.; Takami, A.; Middlebrook, A. M.; Sun, Y. L.; Dzepina, K.; Dunlea, E.; Docherty, K.; DeCarlo, P.
F.; Salcedo, D.; Onasch, T.; Jayne, J. T.; Miyoshi, T.; Shimono, A.; Hatakeyama, S.; Takegawa, N.;
Kondo, Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; Weimer, S.; Demerjian, K.; Williams, P.;
Bower, K.; Bahreini, R.; Cottrell, L.; Griffin, R. J.; Rautiainen, J.; Sun, J. Y.; Zhang, Y. M.; Worsnop,
D. R., Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-
influenced Northern Hemisphere midlatitudes. Geophysical Research Letters 2007, 34, (13), L13801.

40. Rogge, W. F.; Mazurek, M. A.; Hildemann, L. M.; Cass, G. R.; Simoneit, B. R. T,
Quantification of urban organic aerosols at amolecular level: Identification, abundance and seasonal
variation. Atmospheric Environment Part a-General Topics 1993, 27, (8), 1309-1330.

41. Saxena, P.; Hildemann, L. M., Water-soluble organics in atmospheric particles: A critical
review of the literature and application of thermodynamics to identify candidate compounds. Journal
of Atmospheric Chemistry 1996, 24, (1), 57-109.

42. Turpin, B. J.; Saxena, P.; Andrews, E., Measuring and simulating particulate organics in the
atmosphere: problems and prospects. Atmospheric Environment 2000, 34, (18), 2983-3013.

43. Baduel, C.; Voisin, D.; Jaffrezo, J. L., Seasonal variations of concentrations and optical
properties of water soluble HULIS collected in urban environments. Atmos. Chem. Phys. 2010, 10,
(9), 4085-4095.

44. Cavalli, F.; Facchini, M. C.; Decesari, S.; Mircea, M.; Emblico, L.; Fuzzi, S.; Ceburnis, D.;
Yoon, Y. J.; ODowd, C. D.; Putaud, J. P.; Dell'Acqua, A., Advances in characterization of size-

resolved organic matter in marine aerosol over the North Atlantic. Journal of Geophysical Research:
Atmospheres 2004, 109, (D24), D24215.



443
444
445

446
447
448

449
450
451
452

453
454

455
456
457

458
459
460

461
462

463
464
465

466
467

468
469
470

471
472

473
474

475

476
477

478
479

480
481
482

14

45. Decesari, S.; Facchini, M. C.; Fuzzi, S.; Tagliavini, E., Characterization of water-soluble
organic compounds in atmospheric aerosol: A new approach. Journal of Geophysical Research:
Atmospheres 2000, 105, (D1), 1481-1489.

46. Havers, N.; Burba, P.; Lambert, J.; Klockow, D., Spectroscopic Characterization of Humic-
Like Substances in Airborne Particulate Matter. Journal of Atmospheric Chemistry 1998, 29, (1), 45-
54.

47. Mayol-Bracero, O. L.; Guyon, P.; Graham, B.; Roberts, G.; Andreae, M. O.; Decesari, S.;
Facchini, M. C.; Fuzzi, S.; Artaxo, P., Water-soluble organic compounds in biomass burning aerosols
over Amazonia 2. Apportionment of the chemical composition and importance of the polyacidic
fraction. Journal of Geophysical Research: Atmospheres 2002, 107, (D20), 8091.

48. Graber, E. R.; Rudich, Y., Atmospheric HULIS: How humic-like are they? A comprehensive
and critical review. Atmospheric Chemistry and Physics 2006, 6, 729-753.

49. Dawson, M. L.; Perraud, V.; Gomez, A.; Arquero, K. D.; Ezell, M. J.; Finlayson-Pitts, B. J.,
Measurement of gas-phase ammonia and amines in air by collection onto an ion exchange resin and
analysis by ion chromatography. Afmos. Meas. Tech. 2014, 7, (8), 2733-2744.

50. Rao, A. B.; Rubin, E. S., A Technical, Economic, and Environmental Assessment of Amine-
Based CO, Capture Technology for Power Plant Greenhouse Gas Control. Environmental Science &
Technology 2002, 36, (20), 4467-4475.

51. Heard, D. E.; Pilling, M. J., Measurement of OH and HO, in the troposphere. Chemical
Reviews 2003, 103, (12), 5163-5198.

52. Gysel, M.; Weingartner, E.; Nyeki, S.; Paulsen, D.; Baltensperger, U.; Galambos, L.; Kiss, G.,
Hygroscopic properties of water-soluble matter and humic-like organics in atmospheric fine aerosol.
Atmos. Chem. Phys. 2004, 4, (1), 35-50.

53. Braban, C. F.; Carroll, M. F.; Styler, S. A.; Abbatt, J. P. D., Phase transitions of malonic and
oxalic acid aerosols. Journal of Physical Chemistry A 2003, 107, (34), 6594-6602.

54. Pant, A.; Fok, A.; Parsons, M. T.; Mak, J.; Bertram, A. K., Deliquescence and crystallization

of ammonium sulfate-glutaric acid and sodium chloride-glutaric acid particles. Geophysical Research
Letters 2004, 31, (12).

55. Qiu, C.; Zhang, R., Physiochemical Properties of Alkylaminium Sulfates: Hygroscopicity,
Thermostability, and Density. Environmental Science & Technology 2012, 46, (8), 4474-4480.

56. Brown, R. L., Tubular Flow Reactors With 1st-Order Kinetics. Journal of Research of the
National Bureau of Standards 1978, 83, (1), 1-8.

57. Fuchs, N. A.; Sutagin, A. G., Properties of Highly Dispersed Aerosols. In 1970.

58. Jacob, D. J., Heterogeneous chemistry and tropospheric ozone. Atmospheric Environment
2000, 34, (12-14), 2131-2159.

59. Mao, J.; Fan, S.; Jacob, D. J.; Travis, K. R., Radical loss in the atmosphere from Cu-Fe redox
coupling in aerosols. Atmospheric Chemistry and Physics 2013, 13, (2), 509-519.

60. Badger, C. L.; George, L.; Griffiths, P. T.; Braban, C. F.; Cox, R. A.; Abbatt, J. P. D., Phase
transitions and hygroscopic growth of aerosol particles containing humic acid and mixtures of humic
acid and ammonium sulphate. Atmospheric Chemistry and Physics 2006, 6, 755-768.



483
484
485
486
487
488
489
490
491
492
493
494
495

496
497

498
499

500

501

502

503

504

505

506

507

508

509

510

511

512
513

15

61. Shiraiwa, M.; Pfrang, C.; Poschl, U., Kinetic multi-layer model of aerosol surface and bulk
chemistry (KM-SUB): the influence of interfacial transport and bulk diffusion on the oxidation of
oleic acid by ozone. Atmospheric Chemistry and Physics 2010, 10, (8), 3673-3691.

62. Badger, C. L.; Griffiths, P. T.; George, 1.; Abbatt, J. P. D.; Cox, R. A., Reactive uptake of
N,Os by aerosol particles containing mixtures of humic acid and ammonium sulfate. Journal of
Physical Chemistry A 2006, 110, (21), 6986-6994.

63. Galloway, M. M.; Chhabra, P. S.; Chan, A. W. H.; Surratt, J. D.; Flagan, R. C.; Seinfeld, J.
H.; Keutsch, F. N., Glyoxal uptake on ammonium sulphate seed aerosol: reaction products and
reversibility of uptake under dark and irradiated conditions. Atmos. Chem. Phys. 2009, 9, (10), 3331-
3345.

64. Loeffler, K. W.; Koehler, C. A.; Paul, N. M.; De Haan, D. O., Oligomer formation in
evaporating aqueous glyoxal and methyl glyoxal solutions. Environ Sci Technol 2006, 40, (20), 6318-
23.

65. Davies, G.; Ghabbour, E. A., Understanding Humic Substances: Advanced Methods,
Properties and Applications. Royal Society of Chemistry: 1999.

66. Wershaw, R., Model for Humus in Soils and Sediments. Environmental Science &
Technology 1993, 27, (5), 814-816.



514

515
516

517
518
519

520

521
522

523

524
525
526

527
528
529
530

Tables

Table 1: Summary of the HO, uptake coefficients measured in this work for organic aerosols at 293 +
2 K and at an initial HO, concentration of 1 x 10° molecule cm™. The error represents two standard

deviations.

" Determined by the efflorescence and deliquescence points of the organics.

* The magnitude of these uptake coefficients was influenced by the presence of copper and iron ions

within the aerosol.

Compound RH/ % Aqueous or Solid : Uptake coefficient (y)
Stearic acid 32-75 Solid <0.004
Oleic acid 32 Solid <0.004
Squalene 32 Solid <0.004
Glutaric acid 32 Aqueous <0.004
54 Aqueous 0.006 £ 0.002
76 Aqueous <0.004
Glyoxal 33 Aqueous 0.003 + 0.003
80 Aqueous 0.008 + 0.004
Malonic acid 55-76 Aqueous <0.004
Mono ethanol amine sulphate- H,SO, 32 Aqueous <0.004
Mono-methyl amine sulphate 36 Aqueous 0.005 £ 0.004
Humic acid (Acros organics) 32 Aqueous 0.007 % 0.002"
54 Aqueous 0.017 +0.003"
65 Aqueous 0.031 +0.009"
76 Aqueous 0.06 +0.01"
Humic acid (Leonardite) 33 Aqueous 0.043 +0.009"
51 Aqueous 0.07 +0.02"
75 Aqueous 0.09 +0.03"
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Table 2: The copper and iron ion concentrations measured by ICP-MS within the atomiser solutions
and the estimated copper and iron ion molarities within the aerosols. Atomiser solutions were made
by dissolving 5.0 grams of an organic into 500 ml of milliQ water with the exception of Leonardite
humic acid where 1.0 gram was dissolved into 500 ml of mQ water. Both of the humic acid solutions
were then filtered before being used for experiments. The range of molarities given for the glyoxal,
glutaric acid and malonic acid aerosols is due to the range of humidities to which the aerosols were
exposed. For humic acid aerosols only a lower limit of the molarity could be calculated as the ratio of
humic acid to the transition metal ions was unknown due to the filtration of the atomiser solutions.

Iron concentrationin  Estimatediron  Copper concentration Estimated copper

Compound 500 ml mQ water/ molarity within the in 500 ml mQ water/ molarity within the
ppb aerosols/ M ppb aerosols/ M
Humic acid (Acros 51000 + 3000 >83x 107 380 % 20 >55% 10"
organics)
Humic acid 3 4
600 + 30 161

(Leonardite) >48 x 10 >1.2x10
Glyoxal 12£2 ~(1.1-2.5)x 107 5+1 ~(42-94)x10°
Glutaric acid 1620 £70 ~(1.7-34)x 10" 0.7+0.1 ~(0.7-13)x 107
Malonic acid 46 + 3 ~(4.8-72)x 107 5+1 ~(4.7-7.0)x 10°
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549  Figure 1: Examples of the HO, wall loss along the flow tube (black squares) and HO, loss in the
550  presence of Leonardite humic acid aerosols with a surface area of 5.3 x 107 cm? cm™ (red circles) and
551 8.9 x 107 cm® cm™ (blue triangles) at a relative humidity of 33 %, an initial HO, concentration of 1 x
552 10” molecule cm™ and a temperature of 293 + 2 K. The gradient of the lines represent k., as given by
553  Equation 1. The error bars represent one standard deviation.
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Figure 2: The pseudo-first order rate constant as a function of aerosol surface area for Leonardite
humic acid at a relative humidity of 33 %, an initial HO, concentration of 1 x 10° molecule cm™ and a
temperature of 293 + 2 K. The gradient of the line represents (y,,Wro2)/ 4 as given by Equation 2. The
points at an aerosol surface area of 0 cm’cm” are repeats of the wall loss decays taken throughout the
experiment and show the natural variability of the measurements although they are within error of
each other. The error bars represent one standard deviation.
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Figure 3: HO, uptake coefficients measured in this work for organic aerosols at 293 + 2 K and at an
initial HO, concentration of 1 x 10° molecule cm™. At 32 % relative humidity there are points for
MEA-H,SO,, oleic acid, squalene, stearic acid and glutaric acid all plotted over each over. Open
symbols represent solid phase aerosols. The error represents two standard deviations of the
propagated error in the gradients of the k' against aerosol surface area graphs. The magnitude of the
HO, uptake coefficients measured onto humic acid aerosols was influenced by the presence of copper
and iron ions.



