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Abstract

This thesis focuses on the oxidation capacity of *OH photogenerated in water-extract of

aerosol and aqueous solution of water-soluble gases fraction collected at Hiroshima

University and in the Seto Inland Sea. The aqueous phase photoreactions involving *OH

is known to play important roles in the troposphere by affecting regional and global

climate in various atmospheric photochemical processes and determining the fates of

some air pollutants. The aqueous solution of water-soluble gases in ambient air may

contain various *OH source compounds such as nitric acid (HNO3), HONO, H»02,

oxalic acid and other water-soluble organic matter. After transferring to the atmospheric

aqueous phase these compounds could generate *OH photochemically. Thus,

investigation on sources and sinks of *OH generation is the first step to understanding

the capacity and strength of *OH formation in atmospheric aqueous phase and to clarify

their influences on photochemical reactions occurring in the air.

The overall structure of the thesis includes 4 chapters. Chapter I introduces the basic

concepts of the atmospheric aerosol and the photochemical mechanisms of *OH

generation occurring in aqueous phase. The role and significance of *OH in the

atmosphere and past results obtained by other investigators and the contributions to this

field of research are shown.



The following Chapter 2 reports the collection of ambient aerosol at Higashi-Hiroshima
campus using a coupled sampler for simultaneous collection of both phases,
water-extracts of aerosols (WEA) and aqueous solution of water-soluble gas fraction
(WSG) during June/2008 to June 2010. The *OH photoformation rate (Ron) and
chemical composition of both fractions were determined. Among the major anions
present in the WSG and WEA samples, the SO4% concentration was highest followed by
NO3™ and CI'. The mean concentration of SO4% was 9.4+4.0 nmol m™ in the WSG and
81+£33 nmol.m™ for the WEA. The Ron determined and normalized based on the
air-volume, which revealed values of 1.4 and 0.5 nmol h' m™ for the WEA and WSG,
respectively. The contribution of NO3", NO»™ and H2O> as the main sources of *OH via
photolysis were 4.5, 0.7 and 1.2%, respectively, for the WSG fraction, while in the
WEA fraction, NO3~, NO>™ and H2O; contributed 8.9, 1.2 and 2.5%, respectively. DOC,
which was determined only for WSG samples, ranged from 0.1 to 5.3 mg C m™ with a
mean of 2.9+2.6 mg C m™. To find potential sources of *OH in the atmospheric aqueous
phase, known amount (excess) of iron (III) was added into the solution of the WSG
fraction and then the Ron of photo-Fenton reaction was determined. The photo-Fenton
reaction contributed 42% of the total *OH formation in the WSG fraction, while

unknown sources that might have been humic-like substances (HULIS) accounted for
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the remaining 52%. The results showed high contribution from unknown sources and
fluorescent properties very similar to those existing in natural waters and water-extract
of aerosol.

Chapter 3 follows similar methodologies used in the previous chapter, however using a
high volume sampler for the sampling, reports the photochemistry of the *OH in
water-extract of marine aerosol collected in the Seto Inland Sea during a research cruise
in summer of 2010. Unlike the ambient aerosols collected on land, the chemical
composition showed large influence of the sea-salt ions such as Na“ and CI" and the
oxidation capacity of the *OH much lower compared to aerosols collected on land,
indicating minor influence of anthropogenic activities on the photochemical generation
of *OH. The mean concentration of CI" and Na" were 36.3£51 nmol m™ and 47.7+34
nmol m respectively. CI” represents 47.6% and Na' represents 52.6% of the total ions
measured. Low percentages of SO4?" (32.1%) and NO3™ (20.5%) are good indicators for
marine aerosol. NO2™ was present in only 2 of the total 16 samples (mean of 1.39 nmol
m™). The mean concentration of DOC was 7.0+6.6 mg C m™ and the mean pH was
6.18+0.114.

The *OH photoformation rate ranged from 0.019-0.014 with the mean of 0.06+0.03

nmol h! m3 Among the major sources of *OH, NOs" accounted for 18.6% while the
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unknown sources contributed for about 74%. The occurrence of unknown sources,

possibly HULIS, as the main and important contributor of *OH generation in marine

aerosol samples. Formation mechanism involving the photolysis of DOM such as

HULIS, which have been suggested to be the major source of *OH formation in the

river and sea waters.

In the Chapter 4 a general discussion on the obtained results and the suggestion of

further research are made. Sources and sinks of *OH in the WEA fractions from land

and marine aerosols are almost same to those in the WSG fractions. In addition,

mechanism of *OH generations occurring in atmospheric aqueous phase, in which

HULIS is involved, are probably same/identical to those in natural waters. Therefore, in

the analogue of photoformed *OH in natural waters, *OH in the WEA and WSG

fractions in the atmosphere may significantly control for the aerosol and gas phase

chemistry, especially degradation rates of several organic matter.

v
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Chapter 1

1-1-General Introduction

Historically, the field of atmospheric chemistry has focused on gas-phase oxidations as
the primary fate-determining processes of chemical substances in the troposphere. However,
there is increasing evidence demonstrating that aqueous-phase photochemical
transformations in atmospheric water drops (cloud, fog, and rain drops, and aqueous
aerosols) can significantly affect the chemical composition of the troposphere (Finlayson-
Pitts and Pitts, 2000).

Aerosols, defined as suspensions of solid or liquid particles in a gas, are currently of
interest for a number of reasons. Their potential to offset global warming, the optical
properties of aerosols mean that they are efficient scatters of light, aerosols have the
potential to both heat and cool the surface of the earth (Seinfeld and Pandis, 1998;
Finlayson-Pitts and Pitts, 2000; Ramanathan et al., 2001). Aerosol particles present surface
area to reactive gaseous species that can provide new pathways for atmospheric chemical
reactions and/or serves as sinks for reactive species such as free radicals. Aerosol particles
serve as cloud condensation nuclei thereby altering the composition of cloud water and
influencing the course of aqueous reactions in clouds. Through scattering and absorption of
radiation in the solar spectrum aerosol particles influence the rate of primary photochemical
reactions (Heintzenberg et al., 2003). They control the visibility in the air, the intensity of
solar radiation reaching the surface of our planet, as well as electric and radioactive
properties of the atmospheric environment (Bizjak et al., 1999)

Reactions taking place in the atmosphere are extremely important because they
significantly influence the lifetime of many atmospheric components and yield
intermediates that often play a key role in atmospheric chemistry (Vione ef al., 2006). The
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fate of numerous organic and inorganic compounds in the atmosphere is controlled by
photochemically produced oxidants (Calvert et al., 1966; Finlayson-Pitts and Pitts, 2000;
Warneck, 1988).

The chemical transformations occurring in the atmosphere are best characterized as
oxidation processes. Solar radiation influences the chemical processes in the atmosphere by
interacting with molecules that act as photo acceptors (Boubel et al., 1973).

Reactive oxygen species (ROS) have been defined according to their own name, to
derive and present higher reactivity due of unpaired electrons than molecular oxygen with
redox activity (Pardini, 1995; Murrant and Reid, 2001). It includes families of oxygen-
centered or related free radicals, ions, and molecules. The free radical family includes
superoxide (*027), hydroxyl (*OH), hydroperoxyl (*O.H) and organic peroxy radicals.
Non-radicals such as hydrogen peroxide (H20>), singlet oxygen ('02), hypochlorous acid
(HOCI) (Fink, 2002) and organic and inorganic peroxides also come under the umbrella of

‘Reactive Oxygen Species’ (Figure 1).

Hydroperoxyl Oxygen Superoxide anion Peroxide
*0O:H 02 : Oé - 02'2
H:0:=:0H ‘O'H :O'H

Hydrogen Peroxide Hydroxyl radical Hydroxyl ion
Hy05 *OH OH"

Figure 1. Reactive Oxygen Species



1-2-Atmospheric Hydroxyl Radical

*OH is the most powerful daytime oxidant among ROS generated as short-lived
intermediates in tropospheric chemistry (second-order rate constants of 107 to 101 M s71).
Occurring in aqueous phase at very slow steady-state concentrations, this is difficult to
monitor directly by spectroscopy methods (Buxton et al., 1988). Due to its high oxidation
potential for the removal of air pollutants, *OH is referred to as the “detergent” or “vacuum
cleaner” of the atmosphere (Thompson, 1992). The oxidation capacity of most organic
substances has attracted many researchers focus on the role of the *OH as an oxidant in the

environment (Zepp et al., 1992).

In the atmospheric gas phase, *OH is generated by photochemical mechanisms such as
photolysis of ozone (O3), nitrous acid (HONO), hydrogen peroxide (H202), methyl-
hydroperoxide (CH3OOH), and carbonyl compounds (mainly aldehydes and ketones)

(Atkinson, 2000; Moortgat, 2001).

In the atmospheric aqueous phase, *OH is generated by the photolysis of nitrate ions
(NO3") (reaction 1), nitrite ions (NO2/HNO2>) (reactions 2 and 3) and hydrogen peroxide
(H202) (reaction 4). Moreover, in the Fenton reaction, *OH is produced by the reaction
between reduced iron, Fe**, and H,O» (reaction 5) (Zellner et al. 1990). Iron (III), which
may exist in the form of complexes with natural dissolved organic matter (DOM) such as
oxalic acid and humic-like substances (HULIS) in the aqueous phase, is photochemically
reduced to Fe*" through a ligand-to-metal charge transfer. The Fe** subsequently reacts
with H2O» (reactions 6 to 8) (Voelker et al. 1997). Furthermore, direct photolysis reactions
of DOM such as p-benzoquinone and HULIS may act as sources of *OH in the atmospheric

aqueous phase, through mechanisms similar to those that occur in natural water chemistry



(Alegria et al. 1997; Vaughan and Blough, 1998). However, the generation mechanisms of

*OH have not been fully characterized to date.

NO;3™ + H20 + hv & *OH + OH + NO» (1)
NOz; + H,O + hv > *OH + OH +NO (2)
HONO + hy 2 *OH + NO (3)
H,0> + hv > 2 *OH 4)
Fe*" + H0, +H" = Fe*" + *OH + H,0 (5)
Fe’" + C,04% 2 [Fe*' (C204)]7 (6)
[Fe*" (C204)]" + hv > [Fe*" (C204)] " (7)
[Fe?* (C204)] "+ 02 2 Fe?" + 02"+ 2CO» (8)

Even though studies of *OH photoformation in cloud droplets, fog, dew and rain have
been conducted (Faust and Allen, 1993; Faust et al, 1993; Arakaki and Faust, 1998,
Arakaki et al., 1998, Anastasio ef al., 1994; Nakatani et al., 2007), only a few studies have
investigated the water-extract of atmospheric aerosols (Arakaki et al., 2006, Kondo et al.,
2009); therefore, sources and sinks of *OH have not been clarified.

Moreover, no studies that have been conducted to date have focused on photoformation
of *OH in aqueous solutions of water-soluble gases in the atmosphere, even though an
understanding of this process may be useful for evaluation of the oxidation capacities of
ambient air. Therefore, this study was conducted to determine the *OH photoformation rate,
as well as its sources and contributions in both the water-extract of aerosol and aqueous

solution of water-soluble gas in air samples.



1-3-Outlines of this study

The overall structure of the thesis includes 4 chapters. It consists of two main parts:
first part is about the study of the *OH generation capacity in the water-extracts of aerosols
(WEA) and aqueous solution of water-soluble gas (WSG) fractions collected at Hiroshima
University. Chemical composition, the main sources and source strengths of *OH
generation in ambient aerosol and aqueous soluble gases were investigated (Chapter 2).
The air sampling system used for the collection of both gas and particle fractions was set up
to collect relatively low-volume air samples.

The second part deals with water-extracts of marine aerosols collected from the Seto
Inland Sea region using a high-volume air sampler for determination of the oxidative
capacity of *OH (Chapter 3).

The research concerns of this thesis are:

1) To acquire information about the oxidation capacity of *OH in the water-extracts of
aerosols and aqueous solution of water-soluble gas fractions in atmospheric ambient land
air (Chapter 2).

2) To identify the main sources, source intensities and mechanisms for the *OH formation
of the ambient air of Higashi-Hiroshima, Japan (Chapter 2).

3) To determine the *OH formation rate (Ron), the chemical composition and contribution
from the major sources of *OH in water-extracts of marine aerosols collected from the Seto

Inland Sea region, in western Japan (Chapter 3).
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Chapter 2

Photoformation of OH radical in water-extracts of atmospheric aerosols and aqueous

solution of water-soluble gases collected in Higashi-Hiroshima, Japan

2-1-Introduction

It is widely accepted that hydroxyl radicals (*OH) play an important role in the
oxidation of various organic and inorganic compounds in not only atmospheric gas phase
but also atmospheric aqueous systems (i.e. aerosols, cloud fog, dew and rain) (Finlayson-
Pitts and Pitts, 1986). *OH is the most powerful daytime oxidant among reactive oxygen
species (ROS) generated as short-lived intermediates in tropospheric chemistry (Finlayson-
Pitts and Pitts, 1986). *OH can be formed via photochemical reactions in sunlight-
illuminated aqueous phase through a variety of mechanisms as previously detailed in the

Chapter 1.

Even though studies of *OH photoformation in cloud droplets, fog, dew and rain have
been reported (Faust et al., 1993; Arakaki and Faust, 1998, Arakaki et al., 1998, Anastasio
et al., 1994), only a few studies were made for water extract of atmospheric aerosol
particles (Arakaki, et al., 2006, Kondo et al., 2009), and thus sources and sink of *OH are
still not yet clarified. Moreover no studies to date have focused on photoformation of *OH
in the water-soluble gaseous fraction of the atmosphere, which may be useful for evaluation

of oxidation capacities of ambient air.

Therefore, this study was conducted to determine the *OH photoformation rate, its
sources and contribution in both the water-extract of aerosol and water-soluble gaseous

fractions of ambient air samples collected in Higashi-Hiroshima.

-12-



2-2- Experimental

2-2-1- Sampling site

Higashihiroshima is a university town of Hiroshima University. As the central city
of Hiroshima Central Technopolis, high-tech industry is growing. Higashihiroshima is
adjacent to Hiroshima city, so it is also a commuter town of Hiroshima. Atmospheric
aerosol particle and gas fraction samples were collected monthly on the roof of the Faculty
of Integrated Arts and Sciences building of Hiroshima University (about 30 m above
ground level) at the Higashi-Hiroshima campus (34°24°N, 132°42’E, altitude 242 meters)
(Figure 2-1), Japan, from June 2008 to June 2010 (n= 24). As of June 2011, Higashi-

Hiroshima had an estimated population of 183,834 in a total area of 635, 32 km?.

2-2-2- Reagents

All chemicals and solvents were of reagent grade and were used as received without
further treatment. All reagent solutions were prepared using ultrapure water (Milli-Q, >18

MQ cm, Millipore Japan).
2-2-3- Air sampling

An air filtering unit combined with two sequential scrubber vessels (impingers) was
used to collect samples (Figure 2-2). A silica fiber filter (QR-100, ¢= 47 mm, 0.3 pm pore
size) was attached to the system input to collect aerosol particles. The collection system
was also connected to two sequential gas scrubbers containing 500 ml of Milli-Q water as
an absorption solution for collection of atmospheric aqueous solution of water-soluble gas
(WSG). The flow rate was maintained at 1.5-2.0 L min™ using an air pump (AP-032Z
Model, Iwaki Air Pump APN-215 NV-1) for approximately 2-7 days, during which time

8.3 to 29 m> of ambient air were collected.
_13_
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A blank control filter was analyzed in the same manner as the aerosol filters, after being
kept in a clean room for one week without being connected to the pump. Additionally,
Milli-Q water (500 ml) was kept in the impinger for one week and used as a blank control
solution for the WSG fraction. The Milli-Q water was analyzed for inorganic ions and
metal species to check for possible contamination from the impinger and other instruments
in the collection device and, if found contaminants were found, the WSG fraction was

corrected (Figure 2-3).

The aerosol collected on the fiber filters and the blank control filter were stored in
polyethylene plastic bags and the absorption solutions were stored in polyethylene plastic
bottles under refrigeration until further extraction and analytical measurements were

conducted.

2-2-4- Extraction procedure and analytical methods

The sampled aerosol filter (WEA fraction) was soaked in 20 mL of Milli-Q water for
three hours shaking at 120 rpm using a multishaker (MMS-310, EYELA). The sample was
then filtered using a syringe filter with a 0.45 pm pore size (Pall, Akrodisc 25mm) before

being subjected to photochemical experiments and chemical analyses.

2-2-5- Chemical analysis of water-soluble fractions

The concentrations of the major inorganic ions, dissolved organic carbon (DOC) and
H>0> were measured using ion chromatography (ICS —1600, Dionex), a TOC analyzer
(TOC-5000A, Shimadzu) and isocratic HPLC (LC-10A1, Shimadzu), respectively. The total
dissolved iron and other heavy metals were determined using inductively coupled plasma

atomic emission spectrometry (Optima 3000, Perkin Elmer).
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The initial concentration of H2O> was determined according to the method described by
Olasehinde et al. (2008) based on the reduction of H>O, by ferrous iron (Fe?") in acid
solution to yield *OH which is scavenged by benzene to produce phenol and analyzed by
isocratic HPLC (LC-10A1i, Shimadzu) with fluorescence detector (Ex=270nm and Em=298

nm) (reactions 9 and 10).
Fe?" + H,O, = Fe** + *OH + OH 9)
*OH + CsHs 2 CsHsOH (10)

The amount of phenol produced is directly proportional to the original amount of H2O>

present in the sample.
2-2-6- Photochemical Experiments: OH radical measurement

*OH formation rate (Rou) from the photo-Fenton reaction and total Ron were
determined by HPLC-fluorescence detection (RF-10A, Shimadzu) following irradiation of
the extracted sample using a solar simulator (Model 81160-100, Oriel Corp.) unit equipped
with a 300 W Xenon lamp (ozone free, model 6258, Oriel Corp.). During photolysis,
sample solutions were stirred by a magnetic stirrer covered with Teflon and maintained at a
constant temperature of 20 °C using a circulator (RTE-111, NESLAB) and a chemical trap
of photoformed *OH with benzene probe (1.2 mM) according to the methodology described
by Faust and Allen (1993) (Fig.2-4). This simple methodology has been used for the
determination of *OH formation rate in rain, dew and cloud water (Arakaki and Faust,

1998; Arakaki et al., 1998).

Benzene is a suitable compound for this investigation because it undergoes fast reaction
with OH (rate constant 7.8 x 10° M s, Buxton et al., 1988) does not absorb lamp

radiation and does not alter either the pH or the buffer capacity of the solutions.
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Therefore, Ron was then determined using the following equation 11:

Rou = (Ry/Fp-on Yp) (11)

where R, is the photochemical formation rate of phenol obtained experimentally, Fi-on is
the fraction of *OH that react with benzene, as opposed to with other competing *OH
scavengers, and Y, is the chemical yield of phenol from the reaction of *OH with the added
benzene. Y, was reported to be 0.75. F.on for cloud water, reported by Arakaki and Faust
(1998), was at least 0.94 with 1.2 mM added benzene, suggesting that most of the *OH

formed photochemically in cloud water reacted with benzene.

The initial concentration of the added benzene in the WSF solution was 20 mM. Phenol
was measured using isocratic HPLC with a pump (LC 10 Ai; Shimadzu), a C-18 column
(LC-18 5 pm 4.6 mm i.d. x 250mm, Supelco or RP-18 GP S5um 4.6 mm i.d. x 150 mm
length, Kanto Kagaku) was used for separation and a fluorescence detector (Arx270/AEm
298 nm; RF-10A, Shimadzu). The mobile phase was acetonitrile and Milli-Q water

[CH3CN:H20 60:40] (v/v) and the flow rate 1.0 mL min".

The concentrations of phenol were determined based on calibration curves made with
Milli-Q water on the day of the illumination experiments. The initial formation rate of
phenol (Rp, M min™!) during an illumination experiment was determined from the plot of

phenol concentrations versus illumination time using a linear regression analysis.

The light intensity of the solar simulator was controlled measuring the photochemical
degradation rate of 2-nitrobenzaldehyde (2-NB) (chemical actinometer) by isocratic HPLC
with UV detection of the absorbance wavelength set at 260 nm. The mobile phase and the
flow rate were the same as for the determination of *OH. The degradation rate of 8um 2-

NB (J2-ng) solution was normalized against a degradation rate of Jo.ng = 0.00923 s, which
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was determined at noon under clear sky conditions in Higashi-Hiroshima city (34°N) on 1

May of 1998 (Arakaki et al., 1998).

The contribution of the photo-Fenton reaction was determined based on the difference
between the *OH formation rates with and without the addition of deferoxamine mesylate
(DFOM) (Sigma Aldrich, Japan). The addition of DFOM produces a stable and strong
complex with Fe (III) that results in suppression of the photo-Fenton reaction (Nakatani et
al. 2007). Next, 1 uM potassium trioxalate ferrate (III) is added to the solution of the WSG
fraction with 0.5 uM H>O> with and without 10 uM DFOM to determine the potential for

generation of *OH from the photo-Fenton reaction (reactions 12 to 14).

Fe (II)-(DOM) 1, + light = Fe (I1)-DOM .1 + DOMy* (12)
Fe (OH) 2" + light = Fe (II) + *OH (13)
Fe (II) + H2O2 = Fe (III) + *OH + OH (14)

The initial concentration of H2O» was determined according to the method described by
Olasehinde et al. (2008) based on the reduction of H>O» by ferrous iron in acid solution to
yield *OH which is scavenged by benzene to produce phenol and analyzed by HPLC with

fluorescence detector (reactions 15 and 16).
Fe?" + H,0, = Fe*' + *OH + OH- (15)
*OH + C¢H¢ 2 CsHsOH (16)

The amount of phenol produced is directly proportional to the original amount of H2O>
present in the sample. The total dissolved iron was determined using inductively coupled

plasma atomic emission spectrometry (Optima 7300-DV, Perkin Elmer).
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2-2-7- Contribution of major sources of *OH (%)

The contributions of various sources to *OH photoproduction were estimated. The
percent contributions (fi) from well-known *OH sources, such as NO3~, NO>™ and H2O> to
total *OH formation (fi (/=NO3", NO2™ and H202)) can be calculated by the following
equation 17:

_ KICi]

]
u Rtotal

x100(%)  (i=NOs", NO, and H,0,) (17)

where ki is the rate of *OH formation from nitrate (knos- = 2.43 x 107 s1), nitrite (knoz- =
2.81 x107 s!) and hydrogen peroxide (km202 = 3.52 x 10 s1), [C;] is the concentration of
each species and Romtotal 1S the *OH photoproduction rate determined experimentally for the

sample (Arakaki ef al., 1998; Nakatani et al., 2001).
2-2-8- Fluorescence Properties

To estimate the unknown sources of °*OH, the fluorescence matter (FM) was
investigated based on the 3D-excitation emission matrix (EEM) spectrum obtained using a
fluorescence spectrometer (F-4500, Hitachi, Ltd.). The samples were scanned at excitation
wavelengths of 225-400 nm and emission wavelengths of 250-500 nm at intervals of 5 nm
and a scanning speed of 1200 nm.min™' to obtain the overall characteristics. The samples
were calibrated using 2.8 ug L' of quinine sulfate dehydrated solution (Nacalai Tesque) as

a standard for fluorescence intensity (FI), which corresponds to 25 fluorescence units (flu).
2-2-9- Air mass backward trajectory analysis

Air mass backward trajectories were analyzed using the North American simulator
HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory) from the Air

Resources Laboratory (ARL) of National Oceanic and Atmospheric
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Administration (NOAA, 2010), available online. Using a mathematical dispersion model,
simple to complex windy trajectories can be simulated (Draxler, 1998). Setting up the
parameters such as trajectory direction (backward), start time (day and time), total run time
(total sampling duration) and new trajectory frequency (represents the color trajectories
traced every 6 hours totalizing 24 trajectories), the wind backward can be traced and
investigated. The occurrence of the Yellow Sand event was monitored by the Japan
Meteorology Agency (2010).

2-3- Results and Discussion

2-3-1- Chemical composition of WSG and WEA fractions

Among the major anions present in the WSG and WEA samples, SO4% was the most
abundant. The mean concentration of SO4% was 9.4+4.0 nmol m™ in the WSG and 81+33
nmol.m™ for the WEA. This was followed by NOs3 , which was present at mean
concentrations of 9.3+4.1 nmol m™ for the WSG and 47+32 nmol m™ for the WEA fraction.
The NH4" concentration was the highest among the measured cations, being present at a
mean concentration of 8.4+9.4 nmol m> in the WSG and 84+42 nmol m™ in the WEA
samples. The total concentrations of anions found in the WEA fraction were about five
times higher than those found in the WSG fraction. The WSG fraction showed that metal
species such as Na*, K*, Ca?’, and Mg?* were contaminated from the impinger and other
instruments in the collection device, resulting in apparent presence of those metals in the
WSG fraction. Therefore the data of metal species in the WSG fraction was omitted from
our results. Iron and other heavy metals were not detected in the WSG fraction. The mean
initial concentration of H,0> was 0.2+0.3 nmol m™ in the WSG and 0.9+2.3 nmol m™ in

the WEA fraction. DOC, which was determined for WSG fraction only, due to the scarce
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volume of WEA sample, ranged from 0.1 to 5.3 mg C m™ with a mean of 2.9+2.6 mg C m™

(Table 2-1).
2-3-2- *OH photoformation rate (Ron)

*OH was detected in all 24 samples and was found to increase linearly with increasing
illumination time in both fractions (WEA and WSG) (Figure 2-5). These findings show the

same photochemistry occurring in both fractions on *OH generation in the aqueous phase.

The *OH photoformation rate was found to range from 0.04 to 2.5 nmol h! m™ with a
mean of 0.5 nmol h™' m™ for the WSG fraction and from 0.1 to 8.4 nmol h'' m™ with a mean
of 1.4 nmol.h"'m™ for the WEA sample. The *OH photoformation rates in the WSG
fractions collected during this study are summarized in Table 2-2 and compared with those
of other studies. Analyses in the other studies were conducted using the same conditions to
irradiate samples (simulated sunlight), except for the Okinawa and Canada studies, in

which a monochromatic light adjusted to 313 nm was used.

The °*OH photoformation rate determined in this study revealed that the WEA
photoformation rate was about three times higher than that of the WSG fraction, and was
much higher (more than one magnitude) than previously reported Ron values for the WEA
fraction. The *OH formation rate of the WSG fraction was even higher than that of the Ron

in the WEA fraction obtained by other investigators.

Once the mean Roun in the WEA is shown higher than the WSG fraction in this study,
there is a hypothesis that the WEA fraction contains larger source compounds of *OH than

the WSG fraction.
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2-3-3- Contribution of major sources of *‘OH

In the WSG fraction, the presence of NO3~, NO>™ and H2O; detected in most of the
samples contributed only a relatively low percentage of the *OH photoformation when
compared to the unknown sources (Table 2-3). The contributions of the major sources of
*OH generation in the WSG fraction were found to be 4.5% for NO3~, 0.7% for NO>™ and
1.2% for H»O>. Majority of *OH sources is, therefore, unknown. In this study, an
experiment was carried out to elucidate the sources of *OH. Photo-Fenton reaction was
examined because this reaction is considered to be a major *OH source in both atmospheric
aqueous phase and natural water (Nakatani ef al. 2007). Dissolved iron species are common
to exist in atmospheric aqueous phase (Kim ef al. 2001, 2003). If water soluble gases meet
with iron species in the aqueous phase photo-Fenton reaction may occur. To find potential
sources of *OH in the atmospheric aqueous phase, known amount (excess) of iron (III) was
added into the solution of the WSG fraction and then the Ron of photo-Fenton reaction was
determined by the method of Nakatani et al. (2007). The results indicated that the photo-
Fenton reaction contributed up to 42% of the total *OH photoformation in the WSG
fraction while remaining unknown sources accounted for 52% of the photo-formations
(Table 2-3). In a previous study conducted by Kondo et al. (2009), the photo-Fenton
reaction was found to contribute 49% of the *OH photoformation in the WEA fraction
collected at Higashi-Hiroshima during 2003-2007 (n=23). Therefore the photo-Fenton
reaction may be a significant contributor of *OH in the aqueous phase of ambient air, as

well as river and rainwaters, as summarized in Table 2-3.

In the WEA fraction, NO3", NO>", H2O> and unknown sources accounted for 8.9, 1.2,
2.5 and 87% of the *OH photoformed, respectively (Table 2-3). However, photo-Fenton
reaction was not analyzed in the WEA fraction due to lack of sufficient amount of air
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samples for the analysis and thus the unknown sources are supposed to contain photo-

Fenton reaction.

2-3-4- HULIS as unknown sources of *OH

Fluorescence properties were higher present in the WEA than the WSG fractions.
Among the 24 samples collected, 24 WEA samples showed fluorescent properties while in
the WSG, 22 samples (91%). For most of these samples, two peaks of fluorescence were
detected. A fluorescence peak was observed at ApyEm=240-250/395-415nm (peak A),
while a second peak was observed at Agxem= 295-315/395-410 nm (peak B). Previous
studies (Coble et al., 1990; Coble, 1996; Parlanti et al., 2000; Zepp et al., 2004; Graber and
Rudich, 2006) found that HULIS had two distinctive peaks, whose Ex/Em wavelengths are
similar to those of the two peaks found in this study, suggesting the presence of HULIS in

both WEA and WSG fractions (Figure 2-6).

The mean fluorescence intensities of the peak A were 54+122 flu for the WSG and
316+116 flu for the WEA while those of the peak B were72+170 flu for the WSG and
311£136 flu for the WEA fractions. Larger abundance of the two peaks in the WEA
fraction than the WSG fraction was associated with higher photoformation rate of *OH in
the former fraction than the latter fraction, suggesting that HULIS may be the “unknown
sources” of *OH. Kondo er al. (2009) suggested that WEA samples collected at same
sampling site as this study contains unidentified compounds which could be fluorescent
organic compounds, such as HULIS. They found liner correlations of the fluorescence
intensities of the peak A and B with the photoformation rate of *OH from the unknown
sources. Possible presence of HULIS in the WSG fractions leads to the discussion that

some HULIS perhaps exist as a low molecular size and existed in the WSG fraction.
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Presently no conclusive data of HULIS, other than the 3D-EEM spectra, are available and

thus further study needs to confirm it.
2-3-5- Monthly variations in the Ron and other chemical compounds

Figure 2-7a shows the *OH photoformation rate and the concentrations of SO4>", NH4",
NOj3™ and DOC per month in the WSG fraction. The Ron determined for the samples
collected in June, July and September of 2008 revealed increasing rates of *OH generation
and after that shown to be a decreasing trend. The sample collected in the September, 2008
showed the highest, Ron =2.5 nmol h™! min™!. Low contributions from NO>" (0.17%), NO3"
(0.55%) and H20> (0.01%) and high contribution from unknown sources (50.3%) in
September 2008 explained the highest Ron among the 24 samples. During 2009-2010 *OH
photoformation rate was low (<0.5nmol m™) and flat. There were no clear relations

between Ron and concentrations of other analytical items.

The Ron variations in the WEA fractions were observed higher in the samples collected
in 11-18 March, 23-30 April and 20-27 May of 2010 (Figure 2-7b). The Yellow Sand
(Asian Aeolian Dust) events were occurred in the sampling date of 11-21 February and 16-
18 March of 2009, and 13-16 March, 27-30 April and 21-25 May of 2010 (Japan
Meteorological Agency, 2010). Air masses from continental China brought large amounts
of yellow Sand and the concentrations of SO4*> and NH4" appeared to be relatively high
during the event. As Arakaki et al. (2006) reported that a few WEA samples collected in
Okinawa were affected by a Yellow Sand event, which resulted in increased *OH
photoformation, there is a hypothesis about the possible influence of long-range transport
of air masses (from the Asia continent) increasing the *OH formation rate. In this study,
even though a similar phenomenon was observed as the Arakaki et al. reported, the Ron

was not always following the monthly variations of SO4> and NH4", which suggests that
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other factors may also be involved in the photoformation of *OH in the WEA fraction. Lack
of a number of Yellow Sand event observed (5 events) at Higashi-Hiroshima and/or
possible mixing of domestic pollutants in Japan with long-range transported ones may

cause a difficulty in evaluating effects of Yellow Sand event to the Ron (Figure 2-8).

2-4- Conclusions

The *OH photoformation rate, its generation sources and source strength for the WEA
and WSG fractions in ambient air of Higashi-Hiroshima were studied from June 2008 to
June 2010. To the best of our knowledge, this study reports the first findings regarding *OH
generation in WSG fractions collected from ambient air. *OH photoformation rate in WSG
fractions may be useful as an indicative of amount of *OH generation sources and oxidation
capacities of ambient air. A linear relationship between the *OH generation and irradiation
time in the photochemical experiments showed that both fractions have the same
photochemistry of *OH generation. The results also revealed that among the major sources
of *OH, the photo-Fenton reaction and unknown sources were the most important sources
of *OH. The unknown source may be fluorescent organic matter such as HULIS. However,
a further research focusing on organic matter and the relationship with *OH generation in

the WSG fraction is need and expected to continue.
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Table 2-1. Chemical composition and mean concentration of WEA and WSG fractions
extracted from air samples collected during 2008 - 2010 in Higashi-Hiroshima,

Japan
WEA (mean+ SD) Range WSG (mean+ SD) Range

CI' (nmol m™) 25+18 42— 66 9.4+4.0 0.3-16
NO3™ (nmol m™) 47432 13 - 148 9.3+4.1 2.1-19.7
NO>™" (nmol m) 0.07+0.06 ND-0.14 0.03+0.016 ND-0.04
SO4% (nmol m) 81+33 20— 150 9.4+4.0 0.2-16.6
NH4" (nmol m™) 84+42 31-227 8.4+9.4 ND - 35

Na* (nmol m™) 56+30 24 -151 NA NA

K" (nmol m) 29+19 7.5-78 NA NA

Ca?" (nmol m™) NA NA NA NA
Mg?* (nmol m™) 7.6+4.1 2.8-17 NA NA
DOC (mg C m™) NA NA 2.9£2.6 0.1-53
H>05 (nmol m™) 0.9£2.3 0.01-11 0.2+0.3 0.02—-1.0

Note: NA: not analyzed

ND: not detected
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Table 2-2. OH radical photo formation rate in WEA and WSG fractions

Romair (nmol h'! m3)

Mean Range Mean Range References
Site Light> n  WEA  WEA  WSG WSG
Higashi-Hiroshima, Solar 24 1.4 0.1-8.4 0.5 0.04-2.5 This Study
Japan
Higashi-Hiroshima, Solar 41  0.33*  0.02-1.91 -¢ -¢ Kondo et al.,
Japan 2009
Bodega Bay, Solar 1 0.092 - -¢ -¢ Anastasio and
California, USA Newberg,2007
Alert, Canada 313 2 0.010 0.008-0.013 -¢ -¢ Anastasio and
Jordan, 2004
Okinawa, Japan 313 14 0.11 ND-0.21 =€ -¢ Arakaki et al.,
2006

Note' @ Normalized to Jo.np = 0.0093 s ? Light used to irradiate sample (simulated light) € no data
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Table 2-3. The contribution of major sources of OH radical to the atmospheric WEA and
WSG fractions, as well as river and rainwater collected in Higashi-Hiroshima,
Japan (n=22)

Contribution, %?*

Site N fyos~ fno2” fH202  [fPhoto-Fenton  fUnknown References
Higashi-Hiroshima, Japan 24 4.5 0.7 1.2 (42)° 52 This study
(WSGQG)
Higashi-Hiroshima, Japan 24 89 1.2 2.5 (87)° This study
(WEA)
Higashi-Hiroshima, Japan 41 12 10 04 494 334 Kondo et al.,
(WEA) 2009
Higashi-Hiroshima, Japan 33 33 31 <1 15 20 Nakatani et
(River) al., 2007
Higashi-Hiroshima, Japan 9 10 16 37 21 16 Nakatani et
(Rain) al., 2007

Notes:  2fi = [ki[Ci]/Romtotal ] X 100 (%) ®Generation potential of *OH from photo-Fenton reaction

CfPhoto-Fenton +fUnkn0wn d n=23
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soluble gas in Hiroshima prefecture

-31-




WSG Fraction WEA Fraction

€ — < — < ﬁ -

1 A AT
Silica Fiber
Filter (¢ = 47mm)

Figure 2-2. Sampling system of atmospheric aerosol particles and aqueous solution of water-

soluble gas fractions (coupled low volume air sampler).
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Figure 2-3. Blank control test (without pump connection)
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Figure 2-4. Benzene probe reaction to determine the *OH formation rate
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Figure 2-5. Photoformation rate of phenol in WSG (a) and WEA (b) fractions in the air
sample collected in August, 11 of 2009
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Figure 2-6. 3-D EEM spectrum of WEA sample collected in August 11, 2009 (a) and of
WSG sample collected in June, 15, 2009 (b)
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Figure 2-7. Variations in the photoformation rates of *OH and concentrations of inorganic
ions and DOC in the WSG (a) and photoformation rates of *OH and
concentrations of inorganic ions in WEA (b) samples collected during June 2008

- June 2010.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 18 Mar 10
GDAS Meteorological Data

X
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This is not a NOAA product. It was produced by a web user.

Job 1D: 329139 Job Start: Thu Jan 26 05:11:01 UTC 2012
Source 1 lat.: 34.37 lon.: 13243  height: 500 m AGL

Trajectory Direction: Backward ~ Duration: 120 hrs

Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 15 Mar 2010 - GDAS1

Figure 2-8. Wind back trajectory showing the possible influence of Yellow sand event

affecting the oxidation capacity of *OH (March 18™ /2010).
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Chapter 3
Photochemical formation of OH radical in marine aerosols collected in Seto Inland Sea,

Japan.

3-1-Introduction

Aerosol particles consist of many natural and anthropogenic components, including
mineral dust, soot, organic molecules, sea salt crystals, spores, bacteria, and other microscopic
particles (Duce, 2005).

Given the ocean’s extension, marine aerosol constitutes one of the most important natural
aerosol systems at the global level (O’Dowd et al., 2007). The literature contains a great deal
of evidence that large sectors of the marine atmosphere are influenced by continental outflows
(natural and anthropogenic) and by ship exhaust emissions (Chen ef al., 2005; Huang et al.,
2008).

According to Keene et al. (2007), the relative concentrations of inorganic constituents of
nascent marine aerosols are similar to those in bulk seawater but organic matter (OM) is likely
a major source of reactive species including the hydroxyl radicals (*OH) and hydroperoxides.

It’s reported that *OH are photochemically generated in atmospheric hydrometeors (Faust
et al., 1993; Faust and Allen, 1993; Arakaki ef al., 1998; Arakaki and Faust, 1998; Anastasio
et al., 1994; Anastasio and McGregor, 2001; Arakaki et al., 2006 and Kondo et al. 2009), as
well as seawater, river water and lake water (Mopper and Zhou, 1990; Allen et al., 1996;
Vaughan and Blough, 1998; Qian ef al., 2001; White et al., 2003; Takeda et al., 2004; Vione
et al., 2006; Nakatani et al., 2007). *OH can be generated in the aqueous phase through
various photochemical reactions as we discussed in the Chapter 2, such as the photolysis of
nitrate (NO3"), nitrite (NO2~ and HNO>), hydrogen peroxide (H20:), and aqueous iron

complexes in the Fenton and photo-Fenton reaction (Mopper and Zhou, 1990).
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To better assess the impact of marine aerosols on tropospheric chemistry and their overall
oxidizing capacity in the troposphere, we need to understand the sources and fates of
photoformed *OH in the aerosol. However, only few studies on the *OH photoformation rate
in aqueous extract of marine aerosols had been conducted (Anastasio and Newberg, 2007) and
no study regarding the *OH photogeneration in the samples collected in the Seto Inland Sea
region has been done. Thus, this study focused on the determination of the °OH
photoformation rate, chemical composition and the major sources of *OH in water-extracts of

marine aerosol particles collected in the Seto Inland Sea region, in Japan.

3-2- Experimental
3-2-1- Sampling Area

Formally named the Seto Inland Sea (or Seto Naikai), the Inland Sea is the body of water
separating Honshii, Shikoku, and Kyiishii, three of the main islands of Japan. It connects to
Osaka Bay and provides a sea transport link to industrial centers in the Kansai region,
including Osaka and Kobe (Figure 3-1). The Seto Inland Sea is well known to be one of the
most industrially developed areas in Japan. Its length is about 500 km, its width 5 km to 50
km and its average depth about 30 m (Yanagi and Okaichi, 1997).
3-2-2- Sampling Methods

Marine aerosol particles were collected using a High Volume Sampler (HVS-500-5,
Kimoto Electric Co. LTD, Japan) (Figure 3-2) in the research cruise of the Toyoshio Maru
belonging to Hiroshima University during 13" -16' September 2010. Sixteen aerosol samples
were collected during the cruise (n=16).

The sampler was set up on the front deck (5 m above sea level) of the ship and air filter
used consisted of precombusted silica fiber filter (QR-100 203 x 254 mm, Advantec)

operating at a constant flow rate of approximately 1 m® min™!. All the samples, of which
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average air volume was 113.3 m? (ranging from 30 to 240 m?), were collected during daylight
when the ship was running at regular speed (10 nautical mile or 5.38 m min') in order to
avoid smoke contamination from the ship’s stack.

Each sample corresponds to certain trajectory on the cruise in the Seto Inland Sea,
numbered according to Table 3-1 that describes the day, time, coordinates and corresponding
area. Figure 3-3 illustrates the sampling trajectory during the research cruise.

The sampled filters were covered by aluminum foil and sealed in plastic bags and kept
under refrigeration (=4°C). A blank control filter was analyzed in the same manner as the
aerosol filters. It was left on the non-operating sampler for a few minutes and sealed in plastic
bags to avoid light influence.

3-2-3- Extraction Procedure

One quarter (1/4) of sampled filter was soaked into 200 ml of ultrapure water (Milli-Q) in
a 200 mL conical beaker wrapped the beaker with parafilm and aluminum foil keeping it in a
shaker machine (multishaker MMS, EYELA) operating at 120rpm during 3h and filtered
through syringe filter 0.45 um PTFE (Akrodisk) and stored at =~ 4°C until chemical analysis

was performed. The pH was measured by a glass electrode pH meter (HM30S, TOA).

3-2-4- Analytical Methods

The concentrations of the major inorganic ions, dissolved organic carbon (DOC) and
H>0O> were measured using ion chromatography (ICS —1600, Dionex), TOC analyzer (TOC-
5000A, Shimadzu) and isocratic HPLC (LC-10Ai, Shimadzu), respectively. The total
dissolved iron and other heavy metals were determined using inductively coupled plasma

atomic emission spectrometry (Optima 3000, Perkin Elmer).

The initial concentration of H>O» was determined according to the method described by
Olaschinde et al. (2008) based on the reduction of H,O> by ferrous iron (Fe?") in acid
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solution to yield *OH which is scavenged by benzene to produce phenol and analyzed by
isocratic HPLC (LC-10Ai, Shimadzu) with fluorescence detector ( A gx= 270 nm and A

Em=298 nm).

3-2-5- OH radical measurement

*OH formation rate (Ron) from the photo-Fenton reaction and total Ron were determined
by HPLC-fluorescence detection (RF-10A, Shimadzu) following irradiation of the extracted
sample using a solar simulator (Model 81160-100, Oriel Corp.) unit equipped with a 300 W
Xenon lamp (ozone free, model 6258, Oriel Corp.). During photolysis, sample solutions were
stirred by a magnetic stirrer covered with Teflon and maintained at a constant temperature of
20 °C using a circulator (RTE-111, NESLAB) and a chemical trap of photoformed *OH with

benzene probe (1.2 mM) according to the methodology described by Faust and Allen (1993).
Therefore, Ron was then determined using the equation 11:
Rou = (Ry/Fp-on Yp) (11)

where R, is the photochemical formation rate of phenol, F.on is the fraction of *OH that
react with benzene, and Y, is the chemical yield of phenol from the reaction of *OH with the

added benzene (C¢Hp).

Phenol (CsHsOH) was measured using isocratic HPLC with a pump (LC-10 Ai;
Shimadzu), a Cis column (LC-18 5 pm 4.6 mm i.d. x 250mm, Supelco or RP-18 GP 5um 4.6
mm i.d. x 150 mm length, Kanto Kagaku) was used for separation and a fluorescence detector
(AEx270/AEm 298 nm; RF-10A, Shimadzu). The mobile phase was acetonitrile and Milli-Q

water [CH3CN:H20 60:40] (v/v) and the flow rate 1.0 mL min".
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The initial formation rate of phenol (R,, M min!) during an illumination experiment was
determined from the plot of phenol concentrations versus illumination time using a linear

regression analysis.

The light intensity of the solar simulator was controlled measuring the photochemical
degradation rate of 2-nitrobenzaldehyde (2-NB) by isocratic HPLC with UV detection of the
absorbance wavelength set at 260 nm. The mobile phase and the flow rate were the same as
for the determination of *OH. The degradation rate of 8um 2-NB (Jo-n) solution was

normalized against a degradation rate of Jo.xg = 0.00923 s! (Arakaki ef al., 1998).

The contribution of the photo-Fenton reaction was determined based on the difference
between the *OH formation rates with and without the addition of deferoxamine mesylate
(DFOM) (Sigma Aldrich, Japan). The addition of DFOM produces a stable and strong
complex with Fe (III) that results in suppression of the photo-Fenton reaction (Nakatani et al.
2007). Next, 1 uM potassium trioxalate ferrate (III) is added to the solution of the WSG
fraction with 0.5 pM H20O> with and without 10 pM DFOM to determine the potential for

generation of *OH from the photo-Fenton reaction (reactions 12 to14).

Fe (II)-(DOM) 1, + light = Fe (I1)-DOM .1 + DOM* (12)
Fe (OH)?" + light > Fe (II) + *OH (13)
Fe (IT) + H20> = Fe (I1I) + *OH + OH (14)

The total dissolved iron was determined using inductively coupled plasma (ICP-AES)

atomic emission spectrometry (Optima 7300-DV, Perkin Elmer).

-44-



3-2-6- Contribution of major sources of *OH (%)

The contributions of various sources to *“OH photoproduction were estimated. The percent
contributions (fi) from well-known *OH sources, such as NO3~, NO2™ and H2O: to total *OH
formation (fi (i=NO3", NO>™ and H>0O»)) were calculated by the equation 17.

Ki[Ci]

i =—————x100(%) (7=NO37, NOz  and H20>) (17)
ROHtotal

where ki is the rate of *OH formation from nitrate (knos- = 2.43 x 107 s™), nitrite (knoo- = 2.81
x107 s7!) and hydrogen peroxide (k202 = 3.52 x 10 s71), [C;] is the concentration of each

species and Romwial is the *OH photoproduction rate determined experimentally for the

sample (Arakaki ef al., 1998; Nakatani et al., 2001).
3-2-7- Fluorescence Properties

To estimate the unknown sources of *OH, the fluorescence matter (FM) was investigated
based on the 3D-excitation emission matrix (EEM) spectrum obtained using a fluorescence
spectrometer (F-4500, Hitachi, Ltd.). The samples were scanned at excitation wavelengths of
225-400 nm and emission wavelengths of 250-500 nm at intervals of 5 nm and a scanning
speed of 1200 nm.min™' to obtain the overall characteristics. The samples were calibrated
using 2.8 pg L! of quinine sulfate dehydrated solution (Nacalai Tesque) as a standard for the

total fluorescence intensity (FI), which corresponds to 25 quinine sulfate units (QSU).

3-2-8- Meteorological data
Meteorological parameters such as temperature (T), solar intensity (SI) and relative
humidity (RH) were monitored by the automatic meteorological data acquisition system with

the Global Positioning System (GPS) installed in the ship.
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3-3- Results and discussion
3-3-1- Chemical composition

Table 3-2 shows the average and range concentration of chemical components in the
water-extract of marine aerosols collected in Seto Inland Sea.

The abundance of chloride (CI") and sodium (Na") was obvious, indicating predominance
of sea salts particles in the aerosol samples collected. The mean concentration of Cl" and Na*
are 36.3+51 nmol m> and 47.7+34 nmol m™ respectively. CI represents 47.6% and Na*
52.6% of the total anions and cations respectively. Relatively lower percentages of sulfate
(S04 (32.1%) and nitrate (NO3°) (20.5%) in the present analysis (Table 3-2 and Figure 3-4)
than those collected at Higashi-Hiroshima (Chapter 2) suggest the differences in chemical
nature between the marine and land water-extract of aerosols. Nitrite (NO2") was present in
only 2 of the total 16 samples (mean of 1.4 nmol m~). The mean concentration of DOC was
7.0+£6.6 mg C m™ and the mean pH was 6.18+0.114.

The sum of anions (CI;, NO3~, SO4*, and NO2") of each sample has been compared with
that of cations (Na*, K*, Ca?", Mg?" and NH4") to check the charge balance (Figure 3-5). The
ratio of the sum of anions to that of cations averaged 0.72+0.37 (R=0.83), indicating an

existence of undetermined anions.

The Table 3-3 shows the sea-salts ratios calculated using Na® as reference element
assuming all Na* to be of marine origin. The Cl/Na" ratios (0.64) determined in our samples
were lower than the Cl/Na" ratio for seawater (1.79) reported by Millero (1996) indicating

mixture of surface soil and sea salts (Pio and Lopes, 1998; Arakaki et al., 2006).

The mean SO4>/Na" ratio was 0.46 and ranged from 0.18 to 1.63 indicating no influence
of soil dust or anthropogenic activities. However, the sample 5 showed higher ratio (1.63)
than sea water (0.25) indicating that samples were possibly affected by anthropogenic
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activities (including combustion of fossil fuels from the stack of the ship). The high Ca?"/Na*
ratios indicate the influence of soil dust/mineral aerosol. The good correlation between Ca?"

and NO3™ (R=0.97) suggests its association with mineral aerosols (Miiller ef al., 2001).

The Figure 3-6 shows individual aerosol composition at each sampling site. For each
sample, we first analyzed the concentration at different sites and correlated the aerosol
concentrations with the characterization of each site. This analysis can provide some insight

to the dominant sources on each aerosol.

The moderate correlations between Na* and Cl" (R=0.61) or between Na* and other ions
like K*, Ca** and Mg?" (R=0.62, R=0.99 and R=0.96 respectively) show the predominance of
sea-salt aerosols in our samples (Table 3-4). The good correlations observed between NH4"
and NO3~ (R=0.95) and between NH4" and SO4> (R= 0.90) suggest the existence form of
ammonium sulfate, (NH4)2SO4, and ammonium nitrate, NH4NO3. The existence of the
(NH4)2SO4 or NH4NO3 depends of the stability of the products of these ammonium
compounds and depends on temperature and relative humidity as reported by Seinfeld (1986)
and Parmar et al. (2001). (NH4)2SO4 is most stable in most case while NH4NO3 is volatile
and can be formed and remain stable in the particulate phase under high concentrations of
NH3 and HNO; and high humidity and temperature conditions (under RH 70 - 100%,
temperature 30 - 42°C, formation of NH4NO3 would be favored) (Parmar et al, 2001).
Therefore for our samples, due to lower relative humidity (mean of 66.9%) and temperature

(mean of 26°C) (Table 3-5), (NH4)2SO4 must be the stable form.
3-3-2-°*0OH photoformation rate (Ron) and contribution percentage (%)

All 16 samples were irradiated with a solar simulator to determine the °*OH

photoformation rate (Ron). The concentrations of NO3~, NO2", H2O», FI, DOC and Ron are
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listed in the Table 3.6. The range of the Ron determined in marine aerosol was from 0.019 to

0.14 nmol h! m™ with the mean of 0.06+0.03 nmol h"'m>(Figure 3-7).

The analysis of the ship speed combined to wind direction during the sample collection
showed winds coming from the land affecting the samples and possibly explaining the
variation of Ron in those some points (Table 3-7).

The Figure 3-8 shows the Ron variation for each aerosol sample. The highest Ron was
observed in the samples 2, 9 and 11 corresponding to Aki-Nada (Ron = 0.114 nmol h! m?),
Osaka Bay (Ron = 0.096 nmol h' m?) and Harima-Nada (Rou = 0.141 nmol h! m?)
respectively. These 3 samples are located near to the land (Figure 3-3) suggesting the
influence of anthropogenic pollution as sources of *OH in those areas.

Specifically the samples 2 and 11 showed high concentrations of NO3~ and DOC. NO3~
contributes for 23.8% on the *OH production and the photo-Fenton 10.4% in the sample 2
while for the sample 11, NO3™ contributes for 12.1% and 7.4% for photo-Fenton. The NO>"
showed 93% of contribution in the sample 11. The unknown sources contribute for 46% and
<1% in the samples 2 and 11 respectively. In order to clarify the sources of *OH, we
estimated the contributions of various sources to *OH photoproduction. The contribution
percentage from well-known *OH sources were calculated using the equation 1 previously
shown in the Chapter 2. The estimated contribution of NO3™ photolysis accounted for 9 —47%
(mean of 18.6%) of photochemically formed *OH in the marine aerosol samples (Table 3-6).

A good correlation between Romnwtar and concentration of NO3™ (R = 0.63; p<0.01)
(Figure 3-9 (a)) suggests NO3™ as significant source of *OH generation in marine aerosols.
Rou did not show correlations with concentration of DOC (R=0.27; p<0.01) and FI (sum of

fluorescence intensities of the peaks A+B+C).
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Nevertheless, the analysis of correlation between Ronuknown and the FI of each peak
separately showed some relationship with *OH generation (discussed further). DOC and FI
seemed to show an unclear correlation (R=0.49; p<0.01) (Figure 3.9c) although RoHunknown
does not appear correlated with DOC concentrations (R= 0.22; p<0.01) (Figure 3.9d). Thus,
due of the presence of organic compounds (DOC) detected in marine aerosol of the Seto
Inland Sea, water-soluble organic compounds leads to the discussion and are thought as an
important source of *OH. Mopper and Zhou (1990) suggested DOC was the major source of
*OH in sea water.

The Table 3.8 shows the correlations between Ron and major sources of *OH combined.
Non-correlation between the parameters was observed however some indicatives such as the
presence of fluorescence properties in unknown fraction perhaps are involved to the
photochemical production of *OH. Some significance in the correlation between Ron and FI
(R=0.26, p<0.01) leads to the discussion that the presence of organic compounds has
involvement as source of *OH.

In this study, an experiment was carried out to elucidate the sources of *OH. Photo-
Fenton reaction was examined because this reaction is considered to be a major *OH source in
both atmospheric aqueous phase and natural water (Nakatani et al. 2007). Dissolved iron
species are common to exist in atmospheric aqueous phase (Kim et al. 2001, 2003). If water
soluble gases meet with iron species in the aqueous phase photo-Fenton reaction may occur.
To find potential sources of *OH in the atmospheric aqueous phase, known amount (excess)
of iron (III) was added into the solution of the water-extract of marine aerosols and then the
Rou of photo-Fenton reaction was determined by the method of Nakatani et al. (2007).

The Table 3.9 shows a comparison of the average contribution percentage of the major

sources of *OH generation in WEA of marine aerosol obtained in this study and sea water.
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In marine aerosols, NO3™ more contributed (18.6%) to the *OH photoformation than
NO>", H>0; and photo-Fenton reaction. However, unknown source(s) contribute for about
71%. In the sea water of Seto Inland Sea region, NO>™ (6.8%) and unknown (92.6%) sources
showed to be most contributor of *OH generation on surface water as reported by Takeda et al.
(2004). Hydrogen peroxide was a less important source of *OH. The unknown sources are the
most significant contributors of *OH in WEA of marine aerosol suggesting that the unknown
sources may significantly contribute to photoformation of *OH as in the sea water.

The Table 3-10 summarizes the Ron obtained in this study and determined previously
by other investigators. The Ron in water-extract of aerosols were found out lower (about 6
times) in this study compared to land aerosol, reported by Kondo et al. (2009); however the
oxidation capacity of *OH in our samples is comparable to coastal area of California and the
remote area of Canada.

Alert in Canada is the northernmost permanently inhabited in the world. The low Ron
determined in the snow packs have NO3~ as the significant source of *OH generation (Wolff,
1995). However under some circumstances, photochemical reactions of particle-derived
chromophores can be significant sources of *“OH and H2O: in the Artic (Anastasio and Jordan,
2004). A study carried out in Okinawa presented 2 types of kinetics of the *OH formation in
the aerosol particles from the coastal area being possibly influenced by the Yellow Sand
events (Arakaki ef al., 2006). Since DOM represents one of the largest exchangeable organic
reservoirs at the earth’s surface and it has been pointed as a possible unknown source of *OH
generation for surface sea waters (Yamashita and Tanoue 2003).

3-3-3- Fluorescence properties

For most of the samples, two distinct wavelength of fluorescence excitation (Agx) ranges

and emission (Aem) ranges have been found (Aex 250-260 and Agm 380-480nm) within the
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scanned wavelength (Agx = 225-400nm and Agm=250-500nm) which are characteristics of
Humic-Like Substances (HULIS) (Coble et al., 1990; Coble, 1996; Parlanti et al., 2000; Zepp

et al. 2004; Graber and Rudich, 2006).

Previous studies found that dissolved organic compounds had three distinctive peaks (A,
B and C) in the 3D-EES obtained from sea water samples. In our study case, three peaks of

fluorescence were observed in the contour plots spectra of marine aerosols (Figure 3.10).

A highest peak was observed at AgxEm=240-270/350-450nm (peak A), with the mean of
43.6£19.7 QSU or flu, the second peak was observed at Agyem= 305-320/395-420 nm (peak
B), with the mean of 27.2+16 QSU indicating the presence of HULIS in the marine aerosols
collected in the Seto Inland Sea (Table 3-11). A third peak, peak C, at Agxwem = 260-285/305-
345 nm was found in 12 samples with a mean of 23.6+8.6 QSU. Nakajima et al. (2008) also
reported that the presence of those two peaks in the aerosol of Okinawa. Although not exactly
same wavelengths as Nakajima et al., 2008 reported for the samples collected in Okinawa,

aromatic amines such as tryptophan and proteins might exist in our samples.

The presence of the peaks A and B were confirmed in 15 aerosol samples and 12 showed
the peak C. No correlations between Ronunknown and FI (A+B+C) were observed however;
between Ronunknown and the peaks A and B and C (separately) some relationship was detected

(Table 3-8).

The correlations between Ronuknown and FI of the peaks A, B and C were found in this
study (R=0.21, R=0.21 and R=0.50; p<0.01 respectively) (Figure 3-11a-c). Although no clear
correlations were observed between the Ronunknown and peaks A and B, the peak C, the
presence of fluorescence properties possibly indicates that organic compounds are perhaps

related with generation of *OH.

-51-



The results of the fluorescence properties suggested the presence of carbonaceous
compounds and may be related with *OH generation in the water-extract of marine aerosols.
As Mopper and Zhou (1990), Zhou and Mopper, 1990 and Vaughan and Blough, 1998 had
reported, the photolysis of DOM has been believed to be a source of *OH formation in natural
waters. However, further researches are needed to better understand the various and complex
mechanisms involving the *OH formation from the photolysis of DOM in the water-extracts

of marine aerosol.

Therefore, the fluorescence technique used for characterization of carbonaceous
compounds in our samples provided information about the possible presence of HULIS
substances and tryptophan. Mostafa et al. (2005) reported in their photo irradiation
experiment the changes (shifts) in the fluorescence peak wavelengths of standard Suwannee
River Fulvic Acid (SRFA) with increasing solar simulator irradiation time (30 min) while
fluorescence intensity of SRFA was no change during the irradiation, which phenomena was
explained by low photosensitivity of the SRFA and its high molecular size and complex

structures (Malcom, 1985; Senesi, 1990, Miinster et al., 1999).

Reactions involving the photolysis of DOM have been believed as a major source of *OH
formation in natural waters (river and sea waters) (Vaughan and Blough, 1998; Mopper and
Zhou, 1990; Anastasio and Newberg, 2007). Thus, for this study there is a hypothesis that

DOM may be the most significant source of *OH production in the marine aerosols.

3-4- Conclusions

This study determined the *OH photoformation rate, chemical composition, sources and
major contributors of *OH in the water-extract of marine aerosols. In the Seto Inland Sea

region, as a coastal sea, sea salts were the major contributing source of aerosol particles. Sea
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salts such as Na" and CI" were observed most abundant species in the marine aerosol. The
SO4*/Na" ratio (0.46) indicates that samples were possibly affected by anthropogenic
activities. The low Ron observed in the samples may reflect small amount of *OH generation
sources and oxidation capacities in coastal atmosphere. NO3™ accounted for a significant
contribution percentage (18.6%) of *OH generation in marine aerosols. The results also
revealed that unknown sources were the most important sources of *OH (74%) suggesting
similar mechanisms of *OH formation as sea water. The unknown source related to the
dissolved organic compounds showed no clear correlation between the FI and DOC
concentrations. However previous studies had reported a mechanism involving the photolysis
of DOM occurring in the natural and sea waters have been suggested to be the major source of

*OH formation in the water-extract of marine aerosols.
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Figure 3-2. High Volume Air Sampler set up on the deck of Toyoshio Maru
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Table 3-1. Aerosol sampling schedule: Seto Inland Sea and Osaka Bay

Sample Day Time Coordinates Area
1 2010.9.13 10:00-11:16  34°06.07'N; 132° 38.06' E Aki Nada
2 2010.9.13 11:45-12:15  34°06.43'N; 132° 44.55'E Aki Nada
3 2010.9.13 12:30-14:40  34°08.08'N; 133°09.94'E Hiuchi Nada
4 2010.9.13 15:00-16:20  34°12.98'N; 133°24.96'E Hiuchi Nada
5 2010.9.13 16:37-19:31  34°25.00'N; 133°59.95'E Harima Nada
6 2010.9.14 7:25-9:25 34°36.94'N; 135° 00.82' E Harima Nada
7 2010.9.14 9:30-11:30 34°27.94'N; 135° 07.77'E Osaka Bay
8 2010.9.14  11:30-13:30  34°37.88'N; 135° 17.05'E Osaka Bay
9 2010.9.14  13:33-15:03 34°38.06°N 135°11.17°E Osaka Bay
10 2010.9.15 8:00-10:30 34°36.64' N; 134° 44.88' E Osaka Bay
11 2010.9.15 10:55-11:32  34°31.23'N; 134° 36.38'E Harima Nada
12 2010.9.15 11:50-13:00  34°22.96'N; 134° 24.98' E Harima Nada
13 2010.9.15 13:20-17:20  34°19.08'N; 133°37.24'E Harima Nada
14 2010.9.15 17:40-19:25  34°20.26'N; 133° 13.87'E Hiuchi Nada
15 2010.9.16 8:00-10:00 34°17.63'N; 132° 52.48' E Hiuchi Nada
16 2010.9.16  10:00-11:50 34°11.66°N; 132°32.24°E Aki Nada
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-62-



Table 3-2. Chemical composition of water-extract of marine aerosols

(mean+ SD) Range
Cl 36.3+51 0.02 - 160
NOs° 11£6.8 5.0-32.6
NOy 1.4+0.1 ND-1.5
SO4* 18.1+11 7.8 -48.4
(nss)-SO4* 6.2+7.1 ND -22.5
NH4* 3.942.2 1.6-10.4
Na® 47.7434 16.1 —157
K* 15.5421 2.3-87
Ca** 13.6+10 4.84-46
Mg?* 9.946.9 3.2-30.9
Fe 0.15+0.09 ND - 0.321
DOC” 7.05+6.6 0.8-29.4
H,0; 0.51%0.6 ND-0.91
pH 6.18+0.114 5.89-6.32
Note: Mean indicates arithmetic mean. SD: Standard Deviation ~ ND: not detectable
*mg C m? Unit: nmol.m™
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Figure 3-5. Charge balance of ions in water-extract of marine aerosols
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Table 3-3. Mass-based ratio of chemical constituents relative to Na©

Sample CI'/Na* SO4%/Na" Mg?*/Na* Ca?"/Na*
1 1.87 0.41 0.17 0.25
0.53 0.31 0.19 0.29
3 0.30 0.72 0.19 0.29
4 1.0 0.70 0.25 0.28
5 0.18 1.63 0.29 0.32
6 2.4 0.34 0.20 0.28
7 0.26 0.27 0.19 0.32
8 0.36 0.29 0.19 0.29
9 0.12 0.18 0.20 0.29
10 0.14 0.31 0.29 0.29
11 1.84 0.24 0.23 0.31
12 0.24 0.24 0.30 0.3
13 - 0.54 0.20 0.3
14 - 0.30 0.15 0.19
15 0.33 0.41 0.14 0.23
16 - 0.52 0.21 0.27
Mean 0.64 0.46 0.21 0.28
STD 0.76 0.33 0.05 0.03
Sea water 1.79 0.25 0.12 0.04

Note: - : not available
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Figure 3-6. Concentrations of CI, NO3~, SO4*, Na*, NH4", K" and Mg?" measured in each

marine aerosol samples.
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Table 3-4. Multi-correlation coefficients (R) involving major ions determined in marine

aerosols
Na* K* Ca* Mg** NH,*
Na* 1 0.62 0.99 0.96 0.93
Cl 0.61 0.67 0.65 0.61 0.66
NOs” 0.97 0.60 0.96 0.95 0.94
SO4* 0.82 0.71 0.74 0.69 0.93

Table 3-5. Temperature, relative humidity and solar intensity during the cruise (Feb. 13%-

16™, 2010
. .o Solar intensity,
Sample Temperature, °C  Relative Humidity, % )
MJ/m
1 25 74.8 11.6
2 24.3 78 20.8
3 259 65.5 22.4
4 27.8 60.3 27.1
5 27.1 69.6 3.61
6 26.1 65.6 26
7 26.4 64 355
8 27.7 60.6 17.1
9 27.1 62 11.2
10 26 63.6 21
11 26.3 65.7 16
12 26.1 66.8 20.5
13 26.5 63.1 4.6
14 25.96 69.6 0.08
15 23.1 74.5 342
16 25 67.5 49.2
Mean 26.02 66.95 20.06
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Table 3-6. The contribution of major sources of *OH to the marine aerosols collected in the
Seto Inland Sea, Japan.

Concentration, nmol m™ Contribution?, %

* ~ ~ sk sk - -
Rou NO: NOs H:20: FI DOC fNOZ fNO3 fHZOZ fPhoto—Fenmnb fUnknown ¢ Row Lmkm)vmd

1 0.05 1.5 276 04 48.1 12.3 ND 276  9.75 4.22 - -

2 0.12 ND 238 136 19.8 0.8 ND 24 14.3 10.4 459 0.055

3 0.02 ND 26.6 ND 554 5.2 ND 26.6 ND 1.19 65.6 0.016

4 0.04 ND 207 ND 100.7 53 ND 20.7 ND 3.36 70.2 0.031

5 0.07 ND 748 ND 173.3 8.7 ND 7.5 ND 1.68 89.2 0.062

6 0.04 ND 126 ND 66.2 3.8 ND 12.6 ND 3.42 80.5 0.029

7 0.02 ND 364 ND 1733 5.0 ND 36.4 ND 2.0 52.2 0.010

8 0.02 ND 40.5 ND 66.2 5.8 ND 40.5 ND 2.12 50.1 0.011

9 0.10 ND 586 ND 59.4 2.7 ND 5.8 ND 1.46 90.3 0.089

10 0.04 ND 132 ND 60.2 7.4 ND 13.2 ND 2.36 81.1 0.035
11 0.14 1.3 121 ND 42.4 1.5 93.9 12.1 ND 7.4 - -

12 0.06 ND 22.0 ND 71.8 2.1 ND 22 ND 21 519 0.030

13 0.05 ND 868 ND 41.2 29.4 ND 8.7 ND 43 85.4 0.043

14 0.07 ND 132 ND 433 7.5 ND 13.2 ND 54 79.3 0.052

15 0.05 ND 153 ND 112.9 8.2 ND 153 ND 6.21 75.4 0.041

16 0.06 ND 124 ND 81.4 7.1 ND 124 ND 5.5 79.3 0.048

Mean  0.06 14 18.6 0.88 76 7.05 - 18.6 12 5.05 71 0.03

SD 0.03 0.14 985 05 43 6.7 - 9.8 2.3 4.7 14.8 0.05

Notes: "Rou: nmol h™! m "QSU: Quinine Sulfate Unit ““mg C m>  -:notavailable ND: not detected

afi = [ki[ Ci]/R ontotal] x 100 (%) bGeneration potential of *OH from photo-Fenton reaction
funknown= 100-(fN03- + fNO2- + fH202)(%) 9R OHunknown = (ROH X funknown)/100
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Table 3-7. Wind direction (WD), Direction (D), ship speed (SS) in nautical miles and (SS’)

in m/min.

Sample WD D SS SS'
#1 213.1 SWW 9.2 4.9
#2 192.3 SWW 10 54
#3 237.1 SSW 11.1 6
#4 265.9 SSW 9.9 53
#5 256.2 SSW 10.8 5.8
#6 294.09 SSE 9.44 5.1
#7 292.3 SSE 8.22 4.4
#8 258.8 SSW 6.3 34
#9 322.5 SEE 8.33 4.5
#10 252.1 SSW 9.9 53
#11 176.8 NWWwW 10.9 59
#12 317.8 SEE 10.6 5.7
#13 261.2 SSW 10.3 5.6
#14 294.3 SSE 9.7 52
#15 248.6 SSW 10.2 5.5
#16 193.4 SWW 10.1 5.5
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Figure 3-7. *OH photoformation rate variation in Seto Inland Sea region
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Figure 3-8. Variations in the photoformation rates of *OH and concentrations of NO3™ and

DOC in the WEA samples of marine aerosol collected in the Seto Inland Sea

-71-



¥ =0.003x+ 0.0265
g OM R =0.63
= on e
é -
£ ol . _—
= 0.08
z r's -
=006 "‘:"" *
o g *
= oo S
0.02 4G ¢
0
0 5 10 15 20 25 30 35
[NOy], nmol/m*
(a)
E 0.1
z 0097 * - 7E-05x+0.034
= 008 -
£ 007 R=0.13
=
. 0061 o *
£ 005 - . * -
I 004 ________._0._._—-———'0—'—
L 003 * @ *
= 002 -
0.01 ‘0
0
0 50 100 150 200
[F1].QsU
35
L ¥ = 0.0909x + 0.7675
g %0 R=049 +
025
=21}
£ 20
215 o
8 . o
0 s *
b5 ’J_,-F""‘ ‘
0 50 100 150 200
[FI]. QsU
(c)
w01
= 009
T *
= 008
£ 007 ¥ = 4E-05x + 0.035
= . R=022
—= 006
B +
£ 005 ¥ 4
Z 004 + —*
5 *
2003 | e
0.02
001 3»
0
5 o 15 20 % 30 B

[DOC], mg €/ m?

(d)

Figure 3-9. Correlation coefficient between: (a) Romtotat and [NO37] (b) RoHunknown and
FI, (c) [DOC] and FI and (d) RoHunknown and [DOC]

-72-



Table 3-8. Multi-correlation coefficients (R) involving major sources of *OH determined
in marine aerosols (p<0.01)

Rou | NO3 | DOC | FI | Rosunk | Fla FIs Flc | NO2™ | H202
Ron(nmol h'm™) 1 | 063 ]027]026| - |020]| 012 | 006 | - i
NO; (nmol m™) 063| 1 | 037|056 | 010 | 050 | 048 | 052 | - i
DOC(mg C m”) 027 037 | 1 | 047 | 002 | 045 | 053 | 033 | - i
FI (QSU) 026 056 | 047 | 1 | 007 | - i i i i
Romunk(nmol h'm™) |\ 519 | 002 | 007 | 1 |020 | 021 | 050 | - :
FI (QSU) 020 050 | 045 | - | o021 | 1 i i i i
Flg (QSU) 0.12] 048 | 053 | - | 021 | - 1 i : :
FIc (QSU) 006 052 | 033 | - | 050 | - i 1 i i
NO2 (nmol m™) - - - - - - - - 1 -

H>02(nmol m™)

Notes: *RoHunknown = (RoH X funknown)/100

- . not available

Table 3-9. The contribution of major sources of *OH to the marine aerosols and sea water

collected in the Seto Inland Sea, Japan.

Site Contribution?, %
N fyvos o2 202 fhoto-Fenton”  fUnknown® References
WEA 16 18.6 <l <1 5.1% 74.3 This study
Sea Water - <1 32 <1 - 66.2 Takeda et al.,
2004

Notes: 3= [ki[Ci]/Rottotat] X 100 (%) - . not available

"Generation potential of *OH from photo-Fenton reaction  “funknown= 100-(fno3-+fno2-*+f11202)(%)
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Table 3-10. Roy rate in water-extracts of aerosols

Ron (nmol.h''.m?)

Site Light® n Mean Range References
Seto Inland Sea, Solar 16 0.06% 0.019-0.14 This study
Hiroshima-Japan®
Higashi-Hiroshima, Solar 41 0.33¢% 0.02-1.91 Kondo et al., 2009
Japan®
Bodega Bay, Solar 1 0.092 € Anastasio and
California, USA Newberg, 2007
Alert, Canada 313 2 0.010 0.008-0.013 Anastasio and

Jordan, 2004

Okinawa, Japan 313 14 0.11 ND-0.21 Arakaki et al., 2006

Notes :* Normalized to Jo.ng = 0.0093 s7! ® Light used to irradiate sample (simulated light) € no data
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Figure 3-10. Contour plots of 3D-EEMs of marine aerosol (sample 5). The spectra were

not corrected for Raman and second order light peaks.

Table 3-11. Fluorescence intensity (FI) of peaks A, B and C (QSU)

Sample 4 B ¢ r
1 33.21 14.87 - 48.08
2 19.85 - - 19.85
3 3548 19.98 17.9 73.36
4 30.67 40.03 26.3 97
5 107.59 65.76 49.3 222.65
6 42.2 24.04 22.3 88.54
7 38.9 20.54 24.3 83.74
8 37.99 22.26 227 82.95
9 30.62 11.79 - 42.41
10 45.53 26.26 - 71.79
1 27.37 13.8 16.3 57.47
12 29.4 13.88 14.4 57.68
13 62.86 50.07 28.2 141.13
14 45.81 35.58 19.4 100.79
15 42.46 27.08 20.1 89.64
16 38.51 2171 22.1 82.32
Mean 43.65 27.18 23.61 84.96
SD 19.72 16.01 8.63 46.02

Note: QSU: Quinine Sulfate Unit -: not detectable “FI=A+B+C
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Chapter 4

4- General Discussion

Photochemical reactions involving the oxidation capacity of °®OH taking place in
natural water (river and sea waters) and in the atmospheric condensed phase (cloud, fog,
and rain drops, aqueous aerosols and dew) were reported in the past (Mopper and Zhou,

1990; Faust and Hoigné, 1990; Arakaki et al., 1998; Arakaki et al., 2006) (Figure 4-1).

1990 1992 1993 2004 2008
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERm
Rai River water Cloud and Snowpacks ‘ Marine
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\ =
Sea 1998 2001 2007 -
water —
v — E
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of water-soluble
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Figure 4-1. Previous and recent studies involving *OH generation in aqueous phase

Studies on other natural water such as river and sea water (Nakatani et al., 2007,

Takeda et al., 2004) help characterize the potential and possible significant sources of *“OH
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existing in the atmospheric aqueous-phase (Nakajima et al., 2009). The results point out

the photo-Fenton reaction as an important and significant source of *OH generation. These

studies were essential for initiating our present research.

In our study case, we showed the similarities of mechanisms of *OH photoformation

occurring in atmospheric water-extracts of aerosols, aqueous solution of water-soluble gas

fraction and natural waters. The results also contributed in clarifying the oxidation capacity

of *OH and identified the main sources from samples collected at different locations.

Although the photochemistry of *OH in the WEA and WSG showed to be the same, the

contribution from identified sources of *OH was observed different and might be related

with sampling location.

Our study focused on the *OH formation from ambient aerosol of Higashi-Hiroshima

described in Chapter 2, the first findings revealed *OH generation in atmospheric aqueous

solution of water-soluble gas, suggesting the same photochemistry of *OH production as

occurring in atmospheric water-extracts of aerosols. Therefore, the capacity of *OH

formation in the aqueous gas phase may contribute significantly on changing the chemical

composition of aerosols.

In addition, the presence of HULIS was suggested as a possible and important source

of *OH generation in aqueous solution of water-soluble gas fraction.

-79-



Recent studies detected the presence of HULIS in the atmosphere (Graber and Rudich,

2006; Kondo et al., 2009; Stone et al., 2009; Lin et al., 2010; Ziese et al., 2008) which

might causes night-time reaction of Fe (III) converting to Fe (II) and subsequent *OH

formation. The results suggested that although HULIS had a relatively small impact on Fe

(IT) photoformation during the daytime, the night-time formation of Fe(Il) in atmospheric

condensed phases (e.g., cloud, fog, and rain) by HULIS could be important, and therefore,

the “dark™ Fenton reaction should also be incorporated into fate models for atmospheric

pollutants (Arakaki et al, 2010).

More research is required for the aqueous solution of atmospheric water-soluble gas

fraction in order to understand the significance of this fraction on the oxidizing capacity of

*OH generation involved in the photochemical reactions occurring in the aerosol aqueous

phase and its impacts and effect on the environment and human health.

The *OH photochemically generated from the water-extract of marine aerosol of the

Seto Inland Sea showed lower photoformation rates than land aerosols. Our results are in

agreement with results obtained for the water-extracts of aerosols collected in the coastal

and remote locations (Arakaki et al., 2006; Nakajima et al., 2009; Anastasio and Jordan,

2004).
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The capacity of *OH generation determined in the water-extract of marine aerosol
particles is useful to estimate the anthropogenic effect through the transport of pollutants

from the land to coastal areas.

The results also revealed that among the major sources of *OH, the unknown source
was the most important source in the marine aerosol samples as so seawater samples
collected in Seto Inland Sea reported by Takeda et al, 2004. No clear correlation between
the dissolved organic carbon and the fluorescence intensity was found however the
presence of 2 major peaks, characteristic of HULIS, leads to discussion about HULIS as the

possible and major source of *OH in marine aerosol.

4-1- Conclusion

This study revealed that sources and sinks of *OH in the WEA fractions from land and
marine aerosols are almost same to those of the WSG fractions. In addition, mechanism of
*OH generations occurring in atmospheric aqueous phase, in which HULIS is involved, are
probably same/identical to those in natural waters. Therefore, in the analogue of
photoformed *OH in natural waters, *OH in the WEA and WSG fractions in the atmosphere
may significantly control the aqueous phase chemistry, especially degradation rates of

several organic matters.
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4-2- Suggestions for further research

The results presented in this thesis showed the significant percentage of contribution
from unknown sources on *OH photoproduction. Further investigations is needed for a
better comprehension of the oxidation capacity of the *OH generation in the atmospheric
aqueous solution of water-soluble gases and the relationship with dissolved organic
compounds found in the unknown sources. In addition, research focused on identification
of the organic water-soluble fraction, characterization of the organic compounds present
and *OH photogeneration mechanisms are important. Optical properties and absorbance
may be related with seasons, e.g., summer and winter, would be an important factor to

elucidate the origin of the HULIS in the aqueous aerosol environment.
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